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Abstract 

Differences in fungal structure between depths (0, 5 and 20 mm) in Icelandic liverwort-

based biocrust were determined using light microscopy and by quantification of fungal 

biomass by direct counting using fluorescence microscopy. Further, the fungal composition 

in the biocrust was determined and differences between depths (above 5 mm and below 5 

mm) were estimated. The biocrust texture and the distribution of fungi differed between 

depths. The fungal biomass was found to be in a higher amount at the surface where large 

hyphae, sporangia and fungi within plants were more abundant than at 5 mm and 20 mm 

depth. Likewise, the composition revealed a difference between depths (above 5 mm and 

below 5 mm), both for the amount of total fungi, amount within phyla and proportions of 

phyla. The amount of total fungi was higher in samples above 5 mm. Ascomycota fungi 

were dominant at both levels while their proportion and amount was higher in samples 

above 5 mm were they accounted for 93-95%. Basidiomycota were higher in proportion in 

samples below 5 mm although their amount decreased. Exophiala, Phialocephala and 

Pseudogymnoascus were the most abundant genera. 

Útdráttur 

Sveppir í íslenskri hélumosalífskurn voru greindir með skoðun í ljóssmásjá og talningu í 

flúrsmásjá. Munur á uppbyggingu sveppa var metinn eftir dýpi (0, 5, 20 mm)  og skoðuð 

samsetning hópa í lífskurninni ofan við 5 mm og neðan við 5 mm. Munur var á áferð 

lífskurnar og útbreiðslu sveppa eftir dýpi. Lífmassi sveppa var meiri við yfirborð (0 mm) 

þar sem breiðir sveppþræðir, gróhirslur og sveppir á og í plöntum voru í meira magni en á 

5 mm og 20 mm dýpi. Samsetningin var jafnframt mismunandi eftir dýpi hvað varðar 

heildarmagn sveppa, magn einstakra fylkinga og hlutfall þeirra. Heildarmagn sveppa var 

hærra í sýnum ofan við 5 mm en neðar. Asksveppir voru ríkjandi í öllum sýnum, bæði ofan 

við 5 mm og neðan við 5 mm en þeir voru bæði í meira magni og hærra hlutfalli ofan við 5 

mm þar sem þeir voru á bilinu 93-95% sveppa. Kólfsveppir voru í meira magni ofan við 5 

mm en í hærra hlutfalli neðan við 5 mm. Exophiala, Pialocephala og Pseudogymnoascus 

voru algengastu ættkvíslirnar. 
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1 Introduction 

1.1 Fungi 

1.1.1  Introduction to fungi 

The fungal kingdom consists of eukaryotic, heterotrophic organisms, many of which form 

long forked threads of cells. These threads have an extensive surface area which is 

convenient as they take up nutrients through the surface. Most fungi live with plants and 

many of them are saprotrophs, living on dead organic matter. Fungi can reproduce either 

via sexual or asexual reproduction. Their reproduction always involves spores 

(Hallgrímsson, 2010, pp. 15-16, 19, 140).  

1.1.2  Fungal structure 

Most fungi are made up of long, branching filaments of cells called hyphae that together 

form a mycelium (figure 1.1). The mycelium is generally very fine. A single hypha is 2-15 

µm in diameter so it can not be seen macroscopically, except when hyphae are very closely 

packed. Many fungal cells have walls that contains beta-glucan and chitin. A glucan 

molecule is a polysaccharide composed of glucose. Chitin is a N-glucosamine polymer. 

Other fungi often contain different substances such as cellulose. A hypha can either be 

divided by septa or aseptate. The septa however, normally have holes through which 

protoplasm flows along with organelles such as ribosomes, mitochondria and sometimes 

nuclei. Therefore, there can be many nuclei within one septal area, which is sometimes 

referred to as a cell (Hallgrímsson, 2010, pp. 15-21).  

Not all fungi form hyphae. Many are unicellular, for example yeasts. Yeasts mostly use 

budding to reproduce and many fungi only have this life form. However, some can have 

this form at one stage of their life and the hyphal form at another. Mycetozoa often takes 

on an amoeba-like form. These fungi do not have a cell wall and are therefore more 
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flexible. Single cells with flagella are also present within the fungal forms but these are 

mostly on spores or gametes (Hallgrímsson, 2010, pp. 19-20). 

 

 

Figure 1. 1: Mycelium growing from a spore (Lepp, 2012). 

1.1.3 Fungal reproduction 

Fungi use both sexual and asexual reproduction and both of them involve spores. The role 

of the sexual reproduction is to increase genetic variation in these organisms. Sexual 

reproduction often occurs at the end of the growth period and often results in 

chlamydospores that can survive unfavorable conditions. The asexual reproduction on the 

other hand mostly happens during the fungal growth period and its function is to multiply 

and spread the fungus. The sexual state is also refered to as the teleomorphic state and 

sexual fungi are said to be teleomorphs. The anamorphs on the other hand are asexual 

fungi (Hallgrímsson, 2010, pp. 16, 22, 25-26).  

The sexual reproduction consists of the fusion of two haploid nuclei forming one diploid 

nucleus. This process is called karyogamy. For some fungi, the sexual reproduction 

consists of the fusion of two single-celled gametes, that are from different mating types. 

The gametes are haploid and form a diploid cell with a double set of chromosomes derived 

from both gametes. The diploid cell then replicates the chromosomes and usually divides 

directly with meiosis into four haploid cells. These haploid cells form spores either directly 

or after one or more cycle of mitosis giving rise to 4, 8, 16, etc. spores. However, not all 

fungi have gametes but their nuclei nevertheless fuse in the same way. The nuclei are said 

to be either compatible or incompatible. If a hypha has compatible nuclei, that can fuse 
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together, it is said to be homothallic. However, sometimes a hypha only has incompatible 

nuclei that are not able to fuse and is said to be heterothallic. Heterothallic hyphae 

therefore have to merge with one another (Fincham, Day, & Radford, 1979, pp. 4-5; 

Hallgrímsson, 2010, pp. 22-23).  

The sexual spores are called meiospores or carpospores. The spores can be produced in a 

sac called a sporangium. Ascomycota fungi form sporangia called asci. An ascus normally 

contains four or eight spores called ascospores. Basidiomycota fungi form a different type 

of mother cell called a basidium. The spores, called basidiospores, are attached to the 

basidium and are originally budded from it. Most Basidiomycota fungi and some 

Ascomycota fungi form a fruit-body that contains the spores and sometimes sporangia. 

These fruit-bodies are often refered to as fungi or mushrooms and are a popular food 

supply for humans and other animals (Fincham et al., 1979, pp. 4, 12; Hallgrímsson, 2010, 

pp. 23-24).  

The asexual reproduction has the role of multiplying the fungus. Some fungi only have the 

anamorphic state and for others the sexual state is very rare. The spores produced by 

asexual reproduction are called mitospores. The three most common mitospores for fungi 

living on land are arthrospores, sporangiospores and conidia. Arthrospores are spores that 

break off a regular hypha. Sporangiospores are formed within a sporangium. The 

sporangium can either grow from regular hyphae or specialized hyphae, called 

sporangiophores. Conidia are formed on specialized hyphae named conidiophores and can 

sometimes be within sporangia named conidioma (Hallgrímsson, 2010, pp. 25-26; Hawker, 

1966, p. 14). 

1.1.4  Fungal phyla 

The fungal kingdom has undergone many changes and has recently been proposed to 

contain nine phyla; Microsporidia, Neocallimastigomycota, Cryptomycota, 

Chytridiomycota, Blastocladiomycota, Zoopagomycota, Mucoromycota, Basidiomycota 

and Ascomycota (Zhang, Luo & Bhattacharya, 2017). In the older classification the 

kingdom of true fungi or Eumycota was separated from other fungi and consisted of four 

phyla: Basidiomycota, Ascomycota, Zygomycota and Chytridiomycota. The Eumycota 

fungi have a cell wall consisting mostly of beta-glucan and chitin. They also have 
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organelles such as mitochondria and the golgi apparatus. These fungi typically have 

structures with the typical hyphal form, either branched or non-branched and with or 

without septa. Most Eumycota use both sexual and asexual reproduction. Their sexual 

reproduction has two stages. In the former stage two different heterothallic hyphae merge 

and form a hypha with two paired haploid nuclei within each "cell". In the later stage the 

nuclei merge forming a diploid nucleus. This process is followed by meiosis and the 

formation of meiospores (Hallgrímsson, 2010, pp. 139-140). 

 

Figure 1.2: Basidiomycota fungi a) life cycle (Piepenbring, 2015a) and b) different forms of 

basidia, a and b are typical forms of basidia with four basidiospores (Hallgrímsson, 2010, p. 142). 
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Most Basidiomycota fungi are either saprotrophs or live in a symbiotic relationship with 

plants, forming mycorrhiza. Basidiomycota are known for their fruit-bodies but almost all 

Basidiomycota fungi form them, apart from a few parasitic ones. The basidiospores are 

budded from the basidium, a specialized hypha, and the spores are often four. The hyphae 

most often have septa that often have clamps. The septa sometimes have a hole called a 

dolipore which is different from the holes of other species. On both sides of the dolipore 

there is a membrane called a parenthesom. These specialized features are unique for the 

basidiomycota and are believed to play a role in the protoplasms flow. In the 

Basidiomycota life cycle (figure 1.2a) a germ tube grows from the basidiospore and forms 

a haploid mycelium. The fusion of either two different mating types of cells or hyphae 

occurs and the two haploid nuclei become paired. This is the main growth form of the 

fungus and the main part of its life cycle. In this form it grows the fruit body and basidia 

(Hallgrímsson, 2010, pp. 141-144).  

Most Ascomycota fungi live as saprotrophs or parasites on plants. Their hyphae often have 

septa, usually with holes. The ascus is the most characteristic trait of Ascomycota. The 

specialized sporangium is oblong or sac-shaped and often contains 8 ascospores, although 

it is also common to see 4 or 16. Many Acomycota fungi use both sexual and asexual 

reproduction and these life forms can be very different. An exception has been made for 

the Ascomycota fungi so one species may bare two names, one for the teleomorphic state 

and another for the anamorphic state (Hallgrímsson, 2010, pp. 413-417). For example, 

among the most common fungal species found so far in biocrust is Acremonium/Phoma. 

Both the anamorph Acremonium and the teleomorph Phoma have been found in biocrust 

and both seem to be abundant (Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, & 

Nash, 2010; Bates, Nash, Sweat, & Garcia-Pichel, 2010). The Ascomycota life cycle 

(figure 1.3a) starts with a haploid mycelium growing from an ascospore. If the fungus has 

an anamorphic stage it forms conidia spores asexually with mitosis that grow within 

conidioma or on conidiophores. Some fungi only have the asexual stage. Others also or 

only have the teleomorphic stage which is more complicated. This stage starts with the 

fusion of the protoplasm of two cells or hyphae of different mating types, followed with 

the nuclei pairing together. For Ascomycota fungi the fusion of two cells on the same 

hypha is more common whilst for Basidiomycota fungi the fusion of two cells on different 
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hyphae is predominant. Unlike the Basidiomycota, the main life form of Ascomycota is not 

at this stage as most mycelia are haploid. On the other hand, these hyphae with paired 

nuclei are called ascogenous hyphae. Before long an ascogenous hypha forms a diploid 

nucleus and an ascus with ascospores formed by meiosis (figure 1.3b) (Hallgrímsson, 

2010, pp. 413-416). 

 

Figure 1.3: Ascomycota fungi a) life cycle  and b) different forms of asci (Hallgrímsson, 2010). 

The phylum Zygomycota has been divided in two phyla; Zoopagomycota and 

Mucoromycota. Zoopagomycota contains Entomophthoromycotina, Kickxellomycotina 

and Zoopagomycotina. Mucoromycota contains Glomeromycotina, Mortierellomycotina 

and Mucoromycotina (Zhang, Luo & Bhattacharya, 2017). The zygomycete fungi are 
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mostly in moist environments and often live as saprotrophs on organic matter, a few are 

parasitic on plants, animals or even fungi. They are often found in soil and some are 

mycorrhizal. Their hyphae are oblong with branches, normally without septa, although 

they can form in older fungi. The zygomycete life cycle (figure 1.4) begins with a haploid 

spore, that can have more then one nucleus, forming a mycelium. In the asexual stage the 

mycelium forms sporangia that produce conidia spores. In the sexual stage two hyphae of 

opposite mating types fuse and form a zygosporangium. The nuclei within the 

zygosporangium pair and merge forming diploid nuclei. The zygosporangium turns black 

often with spikes or warts and becomes a chlamydospore called zygospore. Meiosis occurs 

in the zygospore, forming haploid spores. After the dormancy, the zygospore grows a 

hypha with a sporangium containing the haploid spores (Hallgrímsson, 2010, pp. 541-542).  

 

Figure 1.4: The life cycle of zygomycete fungi (Piepenbring, 2015b). 

Chytridiomycota mostly live as saprotrophs in water or moist environments. Many live in 

symbiotic relationships with plants, both in water and on land. The Chytridiomycota fungi 

mostly have chitin in their cell wall that also contains beta-glucan and are therefore 

classified within the Eumycota kingdom although they don't have much else in common 

with the Eumycota fungi. These fungi are often unicellular and sometimes form rhizoids. 
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Others form hyphae without septa that often are oblong with rhizoids. Mobile zoospores 

and gametes with a flagellum are characteristic of the Chytridiomycota, although some 

species have more than one flagellum. The Chytridiomycota life cycle (figure 1.5) starts 

with a haploid zoospore that forms mycelium with gametangia that contain the gametes. 

The gametangia open up and gametes of opposite mating types fuse together and form a 

zygote with a diploid nucleus. A mycelium with zoosporangia grows from the zygote. The 

zoosporangia contain zoospores that can either become chlamydospores or they go through 

mitosis and form haploid zoospores (Hallgrímsson, 2010, pp. 537-538).  

 

Figure 1.5: The life cycle of Chytridiomycota fungi (Hallgrímsson, 2010, p. 537). 

Blastocladiomycota was considered a group within Chytridiomycota but is now a separate 

phylum. However, there is still considered to be an alliance between the two (Zhang, Luo 

& Bhattacharya, 2017). Microsporidia and Cryptomycota are parasitic fungi and 

Neocallimastigomycota are anaerobic fungi  (Bass et al., 2018; Vaidya et al., 2018; Wang, 

Sen, He, Xie & Wang, 2018). 
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1.1.5  Soil fungi 

Soil fungi are often saprotrophs, mycorrhiza or parasites and most of them are present in 

the top 5-10 cm of soil, called humus, along with most other soil organisms. Below this 

area, most organisms live in or close to the rhizosphere of plants, from which they get 

nutrients (Hallgrímsson, 2010, pp. 34-35). 

In a study of the fungal biomass of Antarctic soils researchers found that up to 70% of the 

fungal biomass was represented by spores (Marfenina, Nikitin, & Ivanova, 2016). Spores 

<2.5 µm were 79-87% of all spores. Mycelium was less abundant. The fungi were said to 

have a mosaic pattern and the fungal biomass varied greatly between samples. It was noted 

that more fungal biomass was found in samples with higher amounts of organic matter. 

The researchers identified 38 species, whereof 34 belonged to Ascomycota and four to 

Zygomycota. The most dominant ones were Penicillum, Phoma herbarium, Acremonium, 

Alternaria, Aspergillus, Cladosporium, Clonostachys, Doratomyces, Fusarium and 

Mortierella (many of these genera have also been found in biocrusts, see page 22-22). 

Only one species, Emericella nidulans, was found in a sexual state, the rest of the fungi 

could only be found as asexual. 

1.1.6  Fungal observation and biomass estimation 

Many methods have been used for fungal observation. For light microscope observation 

the most common method is staining with lactophenol cotton blue. The cotton blue stains 

the chitin in the cell wall of fungi. It also contains lactic acid which has the role of 

preserving fungal structures and phenol that kills all organisms (Harrington, 2013; Leck, 

1999; Parija, Shivaprakash, & Jayakeerthi, 2003; Shamly, Kali, Srirangaraj, & Umadevi, 

2014). Congo red and iodine glycerol have also been used to stain fungi for light 

microscopic oberservations. However, lactophenol cotton blue has been shown to give 

better clarity and transparency, along with being easy to use (Shamly et al., 2014). 

Calcofluor white m2r (CFW) is a commonly used stain for fluorescence microscopy. It has 

often been used to stain fungal features. CFW binds to β1-3 and β1-4 polysaccharides 

which are found in chitin and cellulose. Therefore it is also able to stain other organic 

structures such as plant cells, algae and bacteria. The CFW stain fluoresces blue when 



10 

excited with ultraviolet light. The emission wave length ranges between 300 to 440 nm and 

the excitation occurs between 300 to 412 nm, with the absorbance peak at 347 nm. CFW 

staining is often combined with 10% KOH fixation. Other fluorescence stains have also 

been used for fungi, for example Uvitex 2B and Tinopal CBS-X. Although they are said to 

have a more intense fluorescence, CFW is more common and easily available (L. C. Green, 

LeBlanc, & Didier, 2000; Harrington & Hageage, 2003; Hoch, Galvani, Szarowski, & 

Turner, 2005; Marfenina et al., 2016; Rasconi, Jobard, Jouve, & Sime-Ngando, 2009). 

Direct microscopic counting by staining with calcofluor white is the most common and 

traditional method to estimate fungal biomass. Measurements of ergosterol content have 

also been used to estimate the fungal biomass and have been found to be more stable and 

with less subjectivity than direct counting. The direct counting was found to be more 

variable and the people examining the samples were the major source of variance 

(Marfenina et al., 2016; Stahl, Parkin, & Eash, 1995). This variability should therefore be 

lower with only one examiner. Egosterol is not only found in fungi but can also be found 

in cyanobacteria and algae (Newell, Miller, & Fallon, 1987; Oka, Kiriyama, & Yoshida, 

1973; Seckbach, Ikan, Ringelberg, & White, 1993). A study of the ergosterol content of 

fungi showed that the fungi had between 1.9-16.4 mg ergosterol per 1 g dry weight. It was 

also found that green algae had 22 mg ergosterol per 1 g dry weight (Newell et al., 1987). 

Also, the ergosterol content of Anthelia juratzkana is not known. Ergosterol measurements 

may therefore not be favorable for measuring fungal biomass in liverwort biological soil 

crust. 

1.2 Biological Soil Crust 

1.2.1  What is biocrust? 

Biological soil crusts or biocrusts are also referred to as cryptogamic, cryptobiotic, 

microbiotic, and microphytic soil crusts. They are complex communities in the top few 

centimeters of the soil surface and are often a mixture of various organisms such as 

bryophytes, lichens, green algae, microfungi, cyanobacteria and other bacteria. (Belnap et 

al., 2001, p. 1; Biological soil crusts: an organizing principle in drylands, 2016, p. 3). 



11 

Bryophytes or non-vascular plants often divide into mosses and liverworts. Bryophytes can 

either use sexual or asexual reproduction and the reproductive structures are often used for 

their identification (Belnap et al., 2001, p. 5). Bryophytes play an important ecological role 

in biocrusts by decreasing water runoff as they can take in a lot of water as well as in 

nutrient cycling, contributing directly to carbon cycling and indirectly to nitrogen cycling 

(Biological soil crusts: an organizing principle in drylands, 2016, pp. 101-102). 

Lichens are symbiotic associations between a fungus and at least one photobiont; green 

algae and/or cyanobacteria (Biological soil crusts: an organizing principle in drylands, 

2016, pp. 90, 120). The fungus is provided with carbohydrates produced by photosynthesis 

of the algae and/or cyanobacteria and in return the fungus protects its partner from 

environmental stress, such as desiccation and temperature extremes and can supply 

mineral nutrients (Belnap et al., 2001, pp. 120-123; Biological soil crusts: an organizing 

principle in drylands, 2016). Lichens have various growth forms and can be for example 

crustose, gelatinous, fruticose, foliose or squamulose (Belnap et al., 2001, pp. 6-7).  

 Green algae in biocrusts are unicellular phototrophs. Although they are only active when 

moist they often survive dry periods unlike aquatic algae that die during drought and 

therefore need to rely on spores for longtime survival (Belnap et al., 2001, p. 4).  Green 

algae in biocrusts can either be free-living, on or within lichens or involved with 

bryophytes. They can benefit from living in association with lichens or bryophytes in 

having good access to water (Biological soil crusts: an organizing principle in drylands, 

2016, pp. 60-62). 

Microfungi are found in biocrusts and can be free-living or mycorrhizal. Some are 

important for decomposition (Belnap et al., 2001, p. 4). The phylum Ascomycota has been 

shown to be very dominant in biocrust and a few phylotypes have been shown to be 

present in many biocrusts such as Alternaria and Acremonium/Phoma. Although 

microfungi are believed to be more abundant in biocrust than in soil, there have been very 

few studies on fungi in biocrust (Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 

2010; Bates, Nash, & Garcia-Pichel, 2012; Bates, Nash, et al., 2010; Biological soil crusts: 

an organizing principle in drylands, 2016, pp. 81, 89).  
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The bacteria in the biocrusts can be autotrophic or heterotrophic. They often play 

important roles in carbon and/or nitrogen fixation or decomposition (Belnap et al., 2001, 

pp. 3-4). At the phylum level the bacterial composition is similar in biocrusts worldwide, 

however both bacterial composition and biomass in the soil underneath are affected by the 

crust type (Biological soil crusts: an organizing principle in drylands, 2016, p. 84). 

Cyanobacteria are photosynthetic and can either be heterocystic or non-heterocystic. The 

heterocystic cyanobacteria contain specialized cells that fix nitrogen from the atmosphere 

making it available to plants and other organisms. Therefore, cyanobacteria can both 

contribute to nitrogen and carbon fixation (Belnap et al., 2001, p. 4). Cyanobacteria are 

very prominent in many biocrusts and are the dominant organisms in early-successional 

stages. The genus Microcoleus is often pronounced. Nostoc and Scytonema spp. are more 

likely to be present in late-successional stages of biocrusts (Biological soil crusts: an 

organizing principle in drylands, 2016, pp. 82-83, 153).  

Biological soil crusts are often described by their dominant photoautotroph morphological 

group (figure 1.6). There are various types of biocrusts such as cyanobacterial biocrusts, 

green algal biocrusts, bryophyte biocrusts, moss biocrusts, liverwort biocrusts and lichen 

biocrusts (Belnap et al., 2001, p. 6; Biological soil crusts: an organizing principle in 

drylands, 2016, p. 4). Biological soil crusts have different successional stages where early-

successional stages are often characterized by low species richness and are dominated by 

cyanobacteria. The late-successional crusts on the other hand have higher species richness 

and often contain mosses and lichens (Biological soil crusts: an organizing principle in 

drylands, 2016, pp. 149, 153). The first successional stage is often said to be 

cyanobacterial-dominated biocrust, lichen-dominated the second and bryophyte biocrust 

the third (Biological soil crusts: an organizing principle in drylands, 2016, p. 106). 

Disturbed soils are often colonized at first by large filamentous cyanobacteria, often 

Microcoleus spp., and then smaller cyanobacteria, such as Nostoc and Scytonema, and 

green algae. For lichens and mosses to grow the soil surface needs to be stable. Gelatinous 

nitrogen-fixing lichens, such as Collema spp., are often among the first to appear (Belnap 

et al., 2001, p. 58; Biological soil crusts: an organizing principle in drylands, 2016, p. 

487).  
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Figure 1.6: Sketches of diverse biocrusts. a) Light cyanobacterial biocrust dominated by 

Microcoleus spp. b) Dark cyanobacterial biocrust with more diverse cyanobacteria, along with 

Microcoleus spp. there can be other filamentous species, like Phormidium, as well as coccoid 

cyanobacteria, like Nostoc. c) Crustose cyanolichen biocrust contains cyanolichens along with 

green algae and cyanobacteria. d)Rrugose moss crust contains mosses that do however not come 

much out of the soil surface. e) Rolling chlorolichen crusts are dominated by crustose and 

squamulose chlorolichens but also contain free-living green algae and cyanobacteria. f) Rolling 

moss crusts are dominated by thick mosses. Cyanobacteria and green algae are present. g) 

Pinnacled crusts have an irregularly elevated structure with biocrust organisms protecting the 

surface (Biological soil crusts: an organizing principle in drylands, 2016, p. 161). 

On a global scale climate strongly influences the type of biocrust present. Moisture 

availability affects the biocrust abundance as well as its composition. Bryophytes have 

higher moisture requirements than cyanobacteria and lichens. Therefore, very dry areas are 

often not able to sustain well-developed biocrusts and they are more commonly found in 
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earlier-successional stages without organisms with higher moisture requirements like 

bryophytes. At the local scale, the biocrust types present depend mostly on soil types, 

preferring soils from specific parent materials, as well as being affected by other factors 

such as pH, salinity and UV (Biological soil crusts: an organizing principle in drylands, 

2016, pp. 4, 180, 200). 

1.2.2 Biocrust worldwide 

Biocrusts are found in semi-arid and arid regions where vegetation cover is often sparse or 

absent (figure 1.7) (Belnap et al., 2001, p. 1). Vascular plants are very dependent upon 

water availability. Therefore, areas with limited water availability often have little vascular 

vegetation cover. Consequently, there is more soil surface available for the biocrusts in 

these regions (Belnap et al., 2001, p. 14; Biological soil crusts: an organizing principle in 

drylands, 2016, pp. 3, 200). Biological soil crusts have the tendency to occupy bare soils 

and interspaces between vascular plants. In fact, it has been suggested that biocrusts don't 

compete with vascular plants and some studies have shown that vascular plants can benefit 

from growing on biocrusts (Belnap et al., 2001, pp. 34-35). 

 

Figure 1.7: Biological soil crust from the Californian Mojave desert (UM-School-of-Natural-

Resources-&-Environment, 2010). 
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Biological soil crusts contain poikilohydric organisms, like bryophytes and lichens, that 

depend completely on the surrounding environment for water uptake because they do not 

actively regulate their water content. They are physiologically inactive during drought but 

are well-adapted to exploit the precipitation when it occurs (Biological soil crusts: an 

organizing principle in drylands, 2016, pp. 1,111,120). This adaptation is very important 

making biocrusts able to survive long periods of drought and making them resilient under 

extreme conditions (Biological soil crusts: an organizing principle in drylands, 2016, p. 

287). 

Biocrusts are found in many open types of vegetation in various habitats worldwide such 

as deserts, open woodlands, unforested grasslands, bare grounds and between alpine or 

tundra vegetation. Even though biocrusts are present in various environments they have 

some similarities in function, as well as in composition and structure (Belnap et al., 2001, 

pp. 1-2). For example, the structure of biocrusts in hot deserts throughout the world, in 

Australia and North and South America, is very similar but different from the biocrust 

structure in cool and cold habitats such as those found on the Colorado Plateau and in the 

Great Basin of the United States and in the Arctic (Belnap et al., 2001, p. 11). 

1.2.3  Biocrust in Iceland 

In Iceland biological soil crusts can be found from the lowlands to the highlands. Biocrusts 

are present and among dominant organisms in 19 out of 64 terrestrial habitat types, within 

six habitat type classes; Fell fields, moraines and sands, river plains, moss lands, lava 

fields, wetlands and heathlands. The habitat classification is the proposal of a 

classification update from the Icelandic Institute of Natural History according to the 

European Nature Information System (EUNIS) ((Eds) Ottosson, Sveinsdottir, & 

Hardardottir, 2016; Magnusson et al., 2009, p. 60). The liverwort Anthelia juratzkana 

(figure 1.8) is often present and dominant in Icelandic biocrusts in the highlands ((Eds) 

Ottosson et al., 2016, p. 281; Magnusson et al., 2009, p. 25). 

Among the habitat types Boreal moss snowbed communities (EUNIS E4.115), Icelandic 

Racomitrium ericoides heaths (EUNIS E4.26) and Icelandic lava field lichen heaths 

(EUNIS E4.241) have the highest biocrust cover with the mean ranging between 25-35%. 

Oroboreal moss-dwarf willow snowbed communities (EUNIS F2.112) have about 20% 
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biocrust cover and Icelandic stiff sedge fens (EUNIS D4.1J) and Icelandic Salix lanata/S. 

phylicifolia scrub (EUNIS E2.113) have 10-15% biocrust cover. Other habitat types had 

less than 10% biocrust cover ((Eds) Ottosson et al., 2016, pp. 26-27, 56-64, 86, 138, 142; 

Magnusson et al., 2009, p. 60). 

Boreal moss snowbed communities (EUNIS E4.115) (figure 1.9a) are moss lands with 

65% mean vegetation cover, thereof biocrust cover is 25-30% and Anthelia juratzkana is 

prominent. The moss Racomitrium ericoides also has a substantial cover. Species richness 

for vascular plants is average and high for bryophytes and lichens. This habitat is often in 

snowbeds or moist areas in the highlands. The soil moisture ranges between dry and moist, 

soil pH is high but C% is often low ((Eds) Ottosson et al., 2016, pp. 26, 56).  

 

Figure 1.8: The liverwort Anthelia juratzkana (Schachner, 2012). 

Icelandic Racomitrium ericoides heaths (EUNIS E4.26) (figure 1.9b) are moss lands like 

the Boreal moss snowbed communities and have a rather high vegetation cover (mean 

vegetation cover 74%) with about 35% biocrust cover and R. ericoides cover between 30-

35%. Species richness is average for vascular plants but high for bryophytes and lichens. 

They are often found in areas where precipitation is abundant in the highlands. The soil 

moisture is low, soil pH is rather high and C% is low ((Eds) Ottosson et al., 2016, pp. 26, 

58). 
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Figure 1.9: Icelandic biological soil crust in a) Boreal moss snowbed communities (EUNIS 

E4.115) from Fjallabaksleið syðri, b) Icelandic Racomitrium ericoides heaths (EUNIS E4.26) from 

Laki and c) Icelandic lava field lichen heaths (EUNIS E4.241) from Laki. These images were all 

taken during sampling at the second study site in Skaftártunga.  
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Icelandic lava field lichen heaths (EUNIS E4.241) (figure 1.9c) are lava fields that have 

high vegetation cover (mean vegetation cover 91%) with about 25% biocrust cover. The 

mosses R. ericoides and R. lanuginosum are pronounced as well as Stereocaulon lichens. 

Species richness for vascular plants is rather low but it is high for bryophytes and lichens. 

This habitat is present in relatively young terrains in South Iceland and in dry areas in the 

North. Soil moisture is low, soil pH is average and C% is rather low ((Eds) Ottosson et al., 

2016, pp. 26, 64). 

Oroboreal moss-dwarf willow snowbed communities (EUNIS F2.112) are heathlands. 

They have 86% mean vegetation cover and biocrust is the most dominant with about 20% 

cover. R. ericoides is among the dominant species. Species richness is high for vascular 

plants, bryophytes and lichens. Soil moisture is low to moderate, soil pH is average and 

C% rather low ((Eds) Ottosson et al., 2016, p. 138). 

1.2.4 Ecological roles 

Biological soil crusts are known to have significant roles in ecosystem functions. However, 

the degree of contribution of biological soil crusts to ecosystem functions is very 

dependent upon the biocrust composition and biomass as well as environmental factors 

such as climate and characteristics of the soil substrate (Belnap et al., 2001, pp. 29, 35). 

Biocrusts contribute to nitrogen and carbon fixation as they contain organisms, like 

cyanobacteria and cyanolichens, that fix atmospheric nitrogen making it available to the 

biosphere, and photoautotrophs that fix carbon by photosynthesis (Biological soil crusts: 

an organizing principle in drylands, 2016, pp. 5, 59-60,114). Nitrogen inputs are high in 

biocrusts dominated by cyanobacteria and carbon inputs are high in biocrusts with mosses 

and lichens.  

Climate can also affect the biocrust carbon input. After rain on hot days lichens can dry out 

before they start  photosynthesis resulting in carbon loss. Likewise, nitrogen fixation rates 

for lichens increase up to 25°C (Belnap et al., 2001, pp. 29-31; Biological soil crusts: an 

organizing principle in drylands, 2016, pp. 26-27, 56-64, 86, 138, 142; Magnusson et al., 

2009, p. 60). Also, since biocrusts contain only poikilohydric photoautotrophs their 

contribution to carbon fixation depends completely on precipitation and soil moisture as 

their metabolism is suspended during drought (Biological soil crusts: an organizing 
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principle in drylands, 2016, pp. 111, 347). Therefore, climate can influence the biocrust 

nutrient cycling and the fixation rates can vary depending on environmental conditions. 

Nontheless, biocrusts are presumably the main source of nitrogen in many areas such as 

drylands and they are also important on a local scale for carbon input as they are mostly 

found in plant interspaces or on bare soils (Biological soil crusts: an organizing principle 

in drylands, 2016, pp. 259, 287). Since biocrusts are often in regions where vegetation is 

sparse they play an important ecological role by providing energy sources for soil 

microbial populations keeping the plant interspaces fertile (Belnap et al., 2001, p. 29).  

In the top few millimeters of soil, the biocrust fungal hyphae and cyanobacterial filaments 

form a matrix that binds soil particles together. This stabilizes and protects the soil surface. 

The soil aggregation counter-acts movement by water and wind, decreasing erosion. 

Biocrusts also influence hydrologic cycles by modifying the soil surface. The rough 

surface often produced by biocrusts and aggregated soil particles actuate water infiltration 

by slowing down run off, often creating water pools. Thus, biological soil crusts can 

reduce wind and water erosion and maintain soil moisture. However, water infiltration is 

only increased in pinnacled biocrusts. In flat biocrusts water infiltration can decrease, as 

well as in cyanobacterial biocrusts since the cyanobacteria swell up rapidly and can close 

infiltration pathways (Belnap et al., 2001, pp. 35-37).  

Although the biocrust structure is resistant to erosion it is very sensitive to anthropogenic 

disturbance, such as vehicle traffic and trampling by humans and livestock, and natural 

disturbance, like fire, drought and windstorm. Disturbance is known to transform late-

successional communities with many species of cyanobacteria, mosses and lichens into 

early-successional communities dominated by one or a few species of cyanobacteria, so 

the biocrust ends up with less biomass and species richness after the disturbance (Belnap et 

al., 2001, pp. 44-45; Biological soil crusts: an organizing principle in drylands, 2016, p. 

430). 

The effect of disturbance varies greatly depending on the frequency, severity and 

environmental conditions at the time. Although both are compressional disturbances, 

trampling by a human is less severe than disturbance from a vehicle. The vehicle is heavier 

causing deeper wounds in the ground which can cause water runoff in the tire pathways. 
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Vehicles also tend to turn the soil over burying the biocrust under the soil. Since biocrusts 

are formed by poikilohydric organisms, a disturbance is often more severe if they are dry 

and inactive. At this time, they are more vulnerable and less able to recover than if active. 

However, the effect of being wet or dry can also depend on the type of soil underneath, for 

example biological soil crusts growing on clay soils or sand are often more sensitive when 

wet (Belnap et al., 2001, pp. 44-45; Biological soil crusts: an organizing principle in 

drylands, 2016, p. 430). 

Bryophytes and lichens are the most susceptible to disturbance and cyanobacteria the most 

resistant. In consequence, disturbance causes bryophytes and lichens to decrease leaving 

spaces for the more resistant cyanobacteria. This transition in species composition causes a 

change in carbon and nitrogen cycling. Bryophytes and lichens fix more carbon per unit 

than cyanobacteria and cyanolichens fix more nitrogen than cyanobacteria. Disturbed 

early-successional biocrusts have also been shown to have lower nitrogen input. This 

decrease in carbon and nitrogen fixation potential can affect carbon and nitrogen 

availability in the soil because these nutrients tend to leak from the biocrust and into the 

soil. Therefore, the disturbance can also have drastic effects on nutrient availability for soil 

microbial populations and vascular plants in the area (Belnap et al., 2001, pp. 55-56; 

Biological soil crusts: an organizing principle in drylands, 2016, p. 166). 

In addition, disturbance has a negative impact on soil hydrology and wind and water 

erosion. Disturbance tends to flatten the crust facilitating water runoff and reducing 

infiltration into the soil. Compressional disturbance can cause crushing of the soil 

aggregates so they become smaller and lighter and therefore, easier to carry away with 

wind and water. Furthermore, continuous tracks, like tire pathways, encourage water 

runoff (Belnap et al., 2001, pp. 55-56; Biological soil crusts: an organizing principle in 

drylands, 2016, p. 166). 

Biocrust recovery after a disturbance is very slow but variable and is influenced by many 

factors. The recovery is faster in fine-textured soils as they maintain moisture longer. 

Precipitation has a positive effect on recovery and biocrusts in dry regions are more likely 

to take many decades or centuries to recover than those experiencing more precipitation. 

The severity of a disturbance is also a factor, the greater the disturbance the longer the 
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recovery. Unattached soil from a surrounding area can slow down recovery by burying the 

biocrust (Belnap et al., 2001, pp. 58-62; Biological soil crusts: an organizing principle in 

drylands, 2016, pp. 479-480,484). 

1.2.5  Fungi in biocrust 

The study of the biodiversity of biological soil crusts has so far been focused on the 

cyanobacteria and other bacteria as well as bryophytes and lichens that are components of 

well-developed biocrusts. However, very few studies have focused on free-living fungi in 

biocrust and they remain poorly described (Bates, Garcia-Pichel, et al., 2010; Biological 

soil crusts: an organizing principle in drylands, 2016, p. 89). These few studies were 

mostly descriptive and there seem to be a few common tendencies for biocrust fungi 

(Bates, Garcia-Pichel, et al., 2010; Biological soil crusts: an organizing principle in 

drylands, 2016, p. 89). 

Well-developed biocrusts have been found to have a higher fungal diversity and more 

abundance than biocrusts in early successional stages (Bates et al., 2012; Bates, Nash, et 

al., 2010; Biological soil crusts: an organizing principle in drylands, 2016, p. 89). 

Furthermore, disturbance has a negative affect on fungal diversity in biocrusts (Bates, 

Nash, et al., 2010). Bacterial abundance is higher than the fungal abundance in biocrust. 

The bacterial-to-fungal ratio has been found to be between 50:1 and 1000:1, measured with 

rRNA copy numbers or with biomass estimations. Nevertheless, the bacterial dominance is 

evident. The fungal structure is particular as the distribution of fungi is often found to be 

patchy, with some areas without hyphae while in others, hyphae were abundant. The 

fungal diversity also shows this patchiness both for small and large areas (Bates & Garcia-

Pichel, 2009; Bates, Nash, et al., 2010). 

Members of all the four original fungal phyla have been found in biological soil crust. 

Most studies have found Ascomycota, Basidiomycota and Zygomycota (Bates, Garcia-

Pichel, et al., 2010; Bates et al., 2012; Bates, Nash, et al., 2010; Zhang, Zhang, Li, & 

Zhang, 2018), and some only two of these phyla (Bates & Garcia-Pichel, 2009). However, 

Chytridiomycota have also been found in biocrust (Abed, Al-Sadi, Al-Shehi, Al-Hinai, & 

Robinson, 2013; Steven, Hesse, Gallegos-Graves, Belnap, & Kuske, 2015). Ascomycota 

are the most dominant and have so far been found to account for over 80% of biocrust 
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fungi (Abed et al., 2013; Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 2010; 

Bates et al., 2012; Bates, Nash, et al., 2010; Zhang et al., 2018).  

The order Pleosporales, within Ascomycota, is very prevalent within biocrust and might 

represent the bulk of dark-septate fungi (dematiaceous fungi; with darkly pigmented 

hyphae or spores) (Abed et al., 2013; Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et 

al., 2010; Bates et al., 2012; Bates, Nash, et al., 2010; Steven et al., 2015). The cell walls 

of dark-septate fungi are melanin-rich. Melanin is thought to provide tolerance to many 

stress factors, like solar radiation and extreme temperatures, enabling these fungi to 

survive harsh conditions (Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 2010; 

Bates et al., 2012; Biological soil crusts: an organizing principle in drylands, 2016, p. 89). 

Although the order Pleosporales is the most abundant and is also widespread, two other 

orders, Hypocreales within Ascomycota and Mortierellales (a zygomycete fungi) have been 

found to be widely distributed (Abed et al., 2013; Bates & Garcia-Pichel, 2009; Bates, 

Garcia-Pichel, et al., 2010). 

The most common phylotypes to be found in biocrust are the Ascomycota fungi 

Alternaria/Lewia and Acremonium/Phoma (Abed et al., 2013; Bates & Garcia-Pichel, 

2009; Bates, Garcia-Pichel, et al., 2010; Bates, Nash, et al., 2010; Biological soil crusts: 

an organizing principle in drylands, 2016, p. 90; Grishkan & Kidron, 2013). 

Alternaria/Lewia seem to be the most abundant  in biocrusts although this is the other way 

around in soils. Alternaria and Acremonium are anamorphs (asexual) but Lewia and 

Phoma are teleomorphs or sexual states of the same phylotypes (Bates & Garcia-Pichel, 

2009). Sexual fruiting bodies are not present for many fungi in biocrust (Biological soil 

crusts: an organizing principle in drylands, 2016, p. 89). Some studies differentiated 

between anamorphs and teleomorphs and found Alternaria present but not Lewia. 

However, both Acremonium and its teleomorphic state Phoma were present and both 

abundant. Alternaria is both the most aboundant and distributed fungus in biocrust and has 

been found in most surveys of biocrusts so far (Abed et al., 2013; Bates, Garcia-Pichel, et 

al., 2010; Bates, Nash, et al., 2010; Grishkan & Kidron, 2013). Fusarium is a common soil 

fungus that is also found in biocrust (Abed et al., 2013; Bates, Garcia-Pichel, et al., 2010; 

Bates et al., 2012). The Basidiomycota fungus Cryptococcus also seems to be widely 

distributed (Bates, Garcia-Pichel, et al., 2010; Bates et al., 2012; Bates, Nash, et al., 2010). 
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Not many yeasts have been found so far although Exophiala crusticola was first identified 

in biocrust from the Colorado Plateau and has since been found in other biocrusts. E. 

crusticola is a black yeast, but they have been found to be tolerant of extreme conditions, 

such as shortage of nutrient and water availability (Bates, Reddy, & Garcia-Pichel, 2006; 

Biological soil crusts: an organizing principle in drylands, 2016, p. 90). Mortierella, 

mostly Mortierella alpina, is often found in biocrusts and is the most common zygomycete 

fungus (Bates, Garcia-Pichel, et al., 2010; Bates, Nash, et al., 2010).  

Although there seem to be a few trends for the fungal composition in biocrust most 

research so far has been done in deserts (Abed et al., 2013; Bates, Garcia-Pichel, et al., 

2010; Grishkan & Kidron, 2013; Zhang et al., 2018). Furthermore, most of them have been 

done in the USA (Bates & Garcia-Pichel, 2009; Bates et al., 2012; Bates, Nash, et al., 

2010; Steven et al., 2015). None have been on fungal composition in the arctic region or 

other cool habitats (Biological soil crusts: an organizing principle in drylands, 2016, pp. 

89-90).  Therefore, these trends could also be limited to these regions or habitats. A 

chinese study on fungi in biocrust found the composition to be different from previous 

studies on desert areas at a genus level (Zhang et al., 2018). They found Humicola, 

Endocarpon  and Heteroplacidium to be dominating. Alternaria/Lewia and 

Acremonium/Phoma were not present. Humicola has previously been found rather 

abundant in desert biocrusts (Bates, Garcia-Pichel, et al., 2010).  

Fungi are believed to have an important ecological role in biocrusts. The fungal loop 

hypothesis suggests that fungi play an important role in nutrient transport between patches 

of plants and biocrusts in arid ecosystems where vegetation is scarse. In these ecosystems 

vegetation is often found in islands of fertility with a patchy distribution. The fungi are 

believed to mediate exchange of nutrients, mostly carbon and nitrogen, between biocrusts 

and the plant islands (Biological soil crusts: an organizing principle in drylands, 2016, pp. 

89-90; Collins et al., 2008; L. E. Green, Porras-Alfaro, & Sinsabaugh, 2008). 
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1.3 Objectives 

The objectives are: 

I. To determine differences in the fungal structure between depths (0, 5 and 20 mm) in 

biocrust  using the light microscope.  

II. To quantify fungal hyphae, spores and sporangia in the biocrust by microscopic 

observation. Further, to estimate whether there is a difference in fungal biomass 

between depths (0, 5 and 20 mm) in the biocrust. 

III. To identify the fungal composition, primarily of the phyla Ascomycota, 

Basidiomycota, Chitridiomycota and zygomycete fungi. 



25 

2 Methods 

2.1 Sample Collection 

2.1.1  Study sites 

Samples of biocrust were collected from three study sites in South Iceland during the 

summer of 2016. Study sites were chosen in areas likely to contain biological soil crusts 

according to vegetation maps made available by the Icelandic Institute of Natural History 

(Náttúrufræðistofnun Íslands). Biocrust cover differs between habitats and is most 

prominent in moss lands with 27.5% cover (Magnusson et al., 2009, pp. 59-60). The 

classification of habitat types in Iceland was updated in 2017 according to the EUNIS 

habitat classification system. Anthelia heaths were changed to Boreal moss snowbed 

communities (EUNIS E4.115), Racomitrium ericoides heaths to Icelandic Racomitrium 

ericoides heaths (EUNIS E4.26) and Stereocaulon lava heaths changed to Icelandic lava 

field lichen heaths (EUNIS E4.241) ((Eds) Ottosson et al., 2016; Magnusson et al., 2009; 

The-Icelandic-Institute-of-Natural-History, 2016). At the time of sampling, all three habitat 

types were classified as moss lands (Magnusson et al., 2009, p. 59). Later, Icelandic lava 

field lichen heaths were given the label lava fields ((Eds) Ottosson et al., 2016, p. 26).  

The first study site was close to Þingvellir, at Gagnheiði and Skjaldbreiður (figure 2.1). 

Samples were collected at Gagnheiði on May 24th and at Skjaldbreiður on September 14th 

(table 2.1). On May 24th the weather conditions were windy and dry although the ground 

was moist and the air temperature was 6-9°C. On September 14th it was a little windy and 

dry with moist ground and the air temperature was 4-10°C. The biocrust at Gagnheiði was 

in snowbeds. When samples were collected on May 24th there was still snow in the 

snowbeds although the samples were collected where the snow had already melted. At 

Gagnheiði the areas chosen had been designated by The Icelandic Institute of Natural 

History as areas with Anthelia juratzkana. At Skjaldbreiður the vegetation was very sparse. 

No information was available on the vegetation at the time although the vegetation has 
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since been classified as Barren Icelandic lava fields (H6.241), Icelandic lava field shrub 

heaths (E4.243), Icelandic lava field lichen heaths (4.241) and Icelandic lava field moss 

heaths (E4.242) (Figure 2.1) ((Eds) Ottosson et al., 2016, pp. 62-68; The-Icelandic-

Institute-of-Natural-History, 2017).  

Table 2. 1: Sample collection. 

Study site Sample Vegetation type 
Time of 

sampling 

Close to Þingvellir (1) - 

Gagnheiði 

1 area with A.juratzkana May 24th 2016 

2 area with A.juratzkana May 24th 2016 

Close to Þingvellir (1) - 

Skjaldbreiður 

16 Unknown 
September 14th 

2016 

17 Unknown 
September 14th 

2016 

Skaftártunga (2) - Laki 

5 
Icelandic lava field lichen heaths 

(EUNIS E4.241) 
July 9th 2016 

6 
Icelandic lava field lichen heaths 

(EUNIS E4.241) 
Juy 9th 2016 

3 
Icelandic Racomitrium ericoides heaths 

(EUNIS E4.26) 
July 9th 2016 

4 
Icelandic Racomitrium ericoides heaths 

(EUNIS E4.26) 
July 9th 2016 

Skaftártunga (2) - 

Fjallabaksleið syðri 

8 
Boreal moss snowbed communities 

(EUNIS E4.115) 
July 10th 2016 

9 
Boreal moss snowbed communities 

(EUNIS E4.115) 
July 10th 2016 

Landmannaleið (3) 

10 Moss 
August 24th 

2016 

13 Moss 
August 24th 

2016 

11 Area with A. juratzkana and willow 
August 24th 

2016 

12 Area with A. juratzkana and willow 
August 24th 

2016 



27 

 

Figure 2.1: Study site 1 close to Þingvellir. a) At Gagnheiði (the grey dot is at Sandkluftavatn) and 

b) at Skjaldbreiður (the grey dot is at Skjaldbreiður). The map is from The Icelandic Institute of 

Natural History (The-Icelandic-Institute-of-Natural-History, 2017). The red dot in the map of 

Iceland shows the study sites location. 

The second study site was in Skaftártunga, within and close to Vatnajökull national park 

(figure 2.2). The samples were collected at Laki on July 9th within the national park and at 

Fjallabaksleið syðri, close to Einhyrningur, on July 10th (table 2.1). Both days the weather 

conditions were without wind, a little rain at times and the air temperature was 4-8°C. The 

samples were collected in areas classified into ecotypes by The Icelandic Institute of 

Natural History. At Laki the samples were collected in Icelandic lava field lichen heaths 
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(EUNIS E4.241) and Icelandic Racomitrium ericoides heaths (EUNIS E4.26). At 

Fallabaksleið syðri they were collected in Boreal moss snowbed communities (EUNIS 

E4.115) ((Eds) Ottosson et al., 2016, pp. 56, 58, 64). 

 

Figure 2.2: Study site 2 in Skaftártunga. a) At Laki (grey dot is at Laki) and b) Fjallabaksleið syðri 

(grey dot is at Einhyrningur). The map is from The Icelandic Institute of Natural History (The-

Icelandic-Institute-of-Natural-History, 2017). The red dot in the map of Iceland shows the study 

sites location. 
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The third study site was at Friðland að Fjallabaki, close to Hekla (figure 2.3). The samples 

were collected at Landmannaleið on August 24th (table 2.1). The weather conditions were 

windy and dry and the air temperature was 10-13°C. The Icelandic Institute of Natural 

History had not yet classified this area in heath types but the vegetation had been analysed 

using aerial photographs. The samples collected at Landmannaleið were in areas with moss 

and areas with Anthelia juratzkana and willow (Salix). 

 

Figure 2.3: Study site 3 at Landmannaleið, close to Hekla. The map is from the Icelandic Institute 

of Natural History (The-Icelandic-Institute-of-Natural-History, 2017). The grey dot is at 

Loðmundarvatn. The red dot in the map of Iceland shows the study sites location. 

2.1.2 Field setup and sample storage 

Sample areas were selected based on profiles from the Icelandic Institute of Natural 

History. However, within the intentionally selected sampling areas, the sample points were 

selected randomly by throwing the sample containers. The sample point was photographed 

and the sample container was labeled. The samples were stored at -20°C.  

Four samples were taken at the first study site. Two samples were taken at Gagnheiði, 

samples 1 and 2, and two at Skjaldbreiður, samples 16 and 17. At the second study site six 

samples were collected. Four at Laki (samples 3, 4, 5 and 6) and two at Fjallabaksleið 

syðri, samples 8 and 9. At the third study site, Landmannaleið, four samples were sampled 

(samples 10, 11, 12 and 13). The reason numbers 7, 14 and 15 are missing from the sample 

numbering is because they were collected but not used. Samples 14 and 15 were from the 
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same exact sampling areas as samples 1 and 2, only sampled in autumn instead of spring 

and were not used. Sample 7 was from an Icelandic Racomitrium ericoides heath (EUNIS 

E4.26) at Fjallabaksleið syðri. There was only one sample of this vegetation type within 

this area and therefore it was not used. A total of fourteen samples were used and for each 

sample six subsamples were taken, a total of 84 subsamples. Two areas were chosen, A 

and B, for each sample and subsamples were taken at both areas for three depths 0 mm 

(surface), 5 mm and 20 mm.  

2.2 Structural observation 

The lactophenol cotton blue mount was prepared using a standard method ("Lactophenol 

Cotton Blue (LPCB)," ; Leck, 1999; Parija & Prabhakar, 1995; Parija et al., 2003). 

However, instead of phenol crystals, a phenol solution was used. 

2.2.1  Materials and equipment 

The mount lactophenol cotton blue (LPCB) was prepared using the following materials 

and equipment: 

 General equipment: Scale, fume hood, magnetic stirrer, light microscope. 

 Laboratory supplies: 50 ml Erlenmeyer flask, weighing paper, aluminum foil, 150 

ml flask with cap, two glass beakers, plastic container, a short magnet, a long 

magnet, 10 and 25 ml electric glass pipettes, glass dropping pipettes, filters, a small 

plastic funnel, microscope slide, cover glass, paper, microscope slide container, a 

knife, a ruler, a needle. 

 Safety equipment: Lab coat, safety glasses, gloves. 

 Materials: Methyl blue, distilled water, lactic acid, phenol solution, 86-88% 

glycerol, 70% alcohol. 

2.2.2  Preparation of lactophenol cotton blue mount 

The mount lactophenol cotton blue (LPCB) was prepared by measuring 20 ml of distilled 

water in an Erlenmeyer flask. Methyl blue, 0.05 g, was weighted out on scale paper. The 
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methyl blue was added to the Erlenmeyer flask containing the distilled water. Aluminum 

foil was placed over the flask to prevent contamination. The flask was then swung a little 

bit and left overnight for the methyl blue to dissolve in the water.  

The next day, the work was continued in a fume hood. 20 ml of lactic acid were placed in 

a glass beaker containing a short magnet, using a pipette. The glass beaker was kept in a 

plastic container to provide protection. 20 ml of phenol solution were added using a 

pipette. A second glass beaker filled with water was used to clean the pipettes after use. 

All chemicals were handled safely, especially the phenol, and a lab coat, gloves and safety 

glasses were used. 

The glass beaker containing a mix of lactic acid and phenol was placed on a magnetic 

stirrer. The mixture was muddy before stirring it but became clear in 7-8 minutes. A long 

magnet was used to remove the short magnet from the glass beaker. The mixture was now 

poured into a 150 ml flask that had been labeled “Lactophenol cotton blue”. The flask was 

placed in the plastic container. 40 ml of 86-88% glycerol were added to the flask using a 

pipette. The flask was swung for the materials to mix properly. 

The methyl blue solution was filtered into the flask using a plastic funnel with filter. The 

cap was placed on the flask and it was swung again for the mount to mix well. Aluminum 

foil was wrapped around the flask. 

2.2.3  70% alcohol 

70% alcohol was prepared by diluting 96% ethanol with distilled water. A glass pipette 

and an electric pump were used to take 21 ml of 96% ethanol and it was placed in a 50 ml 

Erlenmeyer flask. 7.8 ml of distilled water were added to the flask. Aluminum foil was 

placed over it and it was labeled. 

2.2.4  Slide preparation 

Two areas, A and B, were selected within each sample (see chapter 2.1.2). For each area 

three subsamples were taken at different depths 0 mm (surface), 5 mm and 20 mm 

measured with a ruler. 
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A knife was used to take a 2-4 mg subsample. A glass dropping pipette was used to place 1 

drop of 70% alcohol on a microscope slide. The subsample was placed in the drop and 

then 3-4 drops of lactophenol cotton blue were added with a glass dropping pipette. A 

needle was used to poke the subsample to spread it and a cover glass was placed over it. 

This preparation was carried out in a fume hood. The slide was placed in a microscope 

slide container. 

2.2.5  Microscopic observation 

The slides were observed using 10x and 40x objectives in a Leica DM3000 light 

microscope with a Leica DFC290 camera. The slides were analyzed and photographed 

using Leica Application Suite V3.1.0. 

The scale bar was set by measuring a spore with the reticle and then the spore was 

photographed. A line was drawn on the image and it revealed how many pixels there were 

for the µm calculated from the reticle measurements. This was done a few times for both 

10x and 40x objectives for precise adjustment. The scale bar was added to the images 

using the program Leica Application Suite V3.1.0. 

2.3 Cross sections stained with calcofluor white  

The calcofluor white stain (18909 from Sigma-Aldrich) was a liquid solution that was 

ready to be used. The flask was covered with aluminium foil to protect it from light. A 

Standard method was used to prepare 10% KOH ("KOH with Calcofluor White," ; Rasconi 

et al., 2009). 

2.3.1  Materials and equipment 

The slides observed in a fluorescence microscope were prepared using these materials and 

equipment: 

 General equipment: Scale, fume hood, magnetic stirrer, fluorescence microscope. 

 Laboratory supplies: Scale plastic container, a spatula, aluminum foil, a glass 

beaker, a short magnet, a long magnet, glass dropping pipettes, a plastic funnel, a 
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100 ml volumetric flask, microscope slide, cover glass, paper, a knife, a ruler, an 

aluminium block, styrofoam container, microscope slide container. 

 Safety equipment: Lab coat, gloves. 

 Materials: Sigma 18909 Calcofluor white stain, Potassium hydroxide (KOH), 

distilled water. 

2.3.2  10% KOH 

A solution of 10% potassium hydroxide (KOH) was prepared in a fume hood. A spatula 

was used to take 10 g of KOH pellets that were weighted in a plastic container on a scale. 

The pellets were transferred into a glass beaker that contained a magnet and was placed on 

a magnetic stirrer. The scale plastic container was rinsed with distilled water into the 

beaker glass and about 75 ml of distilled water were added. The solution was stirred for a 

few minutes until it was clear. A plastic funnel was used to transfer the solution into a 100 

ml volumetric flask. The glass beaker was rinsed with distilled water that was added into 

the volumetric flask. Finally, distilled water was added with a glass pipette until the 

solution reached 100 ml and then it was swung regularly. At last, the 10% KOH solution 

was transferred into a labeled plastic container. 

2.3.3  Slide preparation 

The cross sections were observed in a fluorescence microscope. They were prepared by 

cutting a piece of the sample that was at least 5x5 mm. This piece of the sample was 

neither taken at area A nor B, but a different area in the sample. A microscope slide was 

placed on a cold aluminium block kept in a styrofoam container. The aluminium block had 

been kept with the samples at -20 °C. The sample piece was placed on to the microscope 

slide and was held with the fingertip while a thin section was cut with a razor blade under 

a binocular microscope. The first section was thrown away to even out the sample piece.  

In a fume hood, two drops of the Calcofluor white stain were placed on to the cross section 

piece and 10% KOH was added as needed using glass pipettes. A cover glass was placed 

over the piece and it was placed in a microscope slide container.  
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2.3.4  Observation and image analysis 

The slides were observed in a Leica DM6000 B fluorescence microscope with a Leica 

DFC360 FX camera. The slides were examined at x50 magnification, using a 5x objective 

lens and the Leica program LAS AF. Tile images were taken under UV light (Filter cube 

A) for the fungal structures and under green light (Filter cube TX2) for the 

autofluorescence of chloroplasts. Scale bar was added to selected images. 

Fiji (Preibisch, Saalfeld, & Tomancak, 2009; Rueden et al., 2017; Schindelin et al., 2012) 

was used to stitch the images and merge the tiled UV and green light images together. A 

scale bar was set by using the known scale bar distances on the selected images from 

before and then a scale bar was added on all images using Fiji. 

2.4 Direct counting by staining with calcofluor 
white 

The Calcofluor white stain (18909 from Sigma-Aldrich) was the same as used for the cross 

sections (2.3) ("KOH with Calcofluor White," ; Rasconi et al., 2009). 

2.4.1  Materials and equipment 

The slides observed in a fluorescence microscope were prepared using these materials and 

equipment: 

 General equipment: Scale, shaker, vacuum pump, fume hood, fluorescence 

microscope. 

 Laboratory supplies: A knife, a ruler, paper, six scale plastic containers, 10 ml 

electric glass pipettes, 2x25 ml Erlenmeyer flasks, 4x50 ml Erlenmeyer flasks, an 

100 ml Erlenmeyer flask, aluminium foil, 0.25 cm diameter and 0.45 µm pore sized 

filters (Millipore cat. no. HAWP02500), P1000 pipette, filtration flask, tubing and 

adapter, rubber adaptor, 2.5 cm diameter Buchner funnel, a clamp, glass dropping 

pipettes, forceps, microscope slides, cover glass, microscope slide container. 

 Safety equipment: Lab coat, gloves. 
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 Materials: Sigma 18909 Calcofluor white stain, 10% KOH (see preparation chapter 

2.3.2), distilled water. 

2.4.2  Slide preparation 

The subsamples were taken from the same areas and depths as in chapter 2.2.4. A knife 

was used to take 0.20 g of subsample that was weighed on a scale in a small plastic 

container. The knife was used to break the sample. Then, 10 ml distilled water were added, 

stirred and transferred into an Erlenmeyer flask. This was repeated with an additional 10 

ml distilled water. Aluminium foil was put over the flask and it was placed in a shaker at 

150 rpm for one hour.  

A vacuum filtration system was set up in the fume hood. A 25 mm filter was placed in the 

Buchner funnel and 1 ml of the subsample mixture was taken from the flask whilst it was 

stirred, placed in the funnel and vacuumed. Seven drops of Calcofluor white were added 

with a glass dropping pipette, left for 5 minutes and vacuumed whilst stirred. The filter 

was placed on a microscope slide with forceps. Four drops of 10% KOH were added, a 

cover glass was placed over it and the slide was placed in a microscope slide container. 

2.4.3  Quantification of fungal biomass 

The slides were observed in a Leica DM6000 B fluorescence microscope with a Leica 

DFC360 FX camera. The slides were examined under a UV light (filter cube A) at x400 

magnification, using a 40x objective lens, using the Leica program LAS AF. Ten positions 

were chosen randomly using the Mark&Find panel and photographed. For each position, 

one image was chosen and scale bars used to measure lengths and diameters of fungal 

structures. For simplification, hyphal diameter was classified in three size groups: Small 

(≤2.5 µm), medium (2.6-6.24 µm) and large (≥6.25 µm). The average values were chosen 

as small 1.75 µm, medium 4.42 µm and large 6.5 µm. Hyphae were calculated as 

cylinders. Spores, sporangia and fungi within plants were calculated as either spheres or 

cylinders. 
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2.4.4  Estimation of variability in the quantification 

The estimation of variability was twofold. On one hand, four slides were prepared from the 

same subsample mixture and on the other hand, for one of these slides the fungal biomass 

was estimated four times by repeating the measurements of fungal structures for the same 

images. 

2.5 DAPI 

A Sigma D9542 DAPI was used and their protocol followed (Sigma-Aldrich; Sigma-

Aldrich) to stain DNA. Further, calcofluor white m2r (18909 from Sigma-Aldrich) was 

used to stain fungi ("KOH with Calcofluor White," ; Rasconi et al., 2009). 

2.5.1  Materials and equipment 

The slides were prepared using these materials and equipment: 

 General equipment: Scale, minishaker, heatblock, fume hood, fluorescence 

microscope. 

 Laboratory supplies: Spatula, powder paper, 1.5 ml microtube, P20 pipette, P200 

pipette, 25 ml Erlenmeyer flask, 30 ml tube, 20 ml electric glass pipette, aluminium 

foil, knife, glass dropping pipettes, microscope slides, cover glass, microscope slide 

container. 

 Safety equipment: Lab coat, gloves. 

 Materials: Sigma D9542 DAPI stain, Sigma 18909 Calcofluor white stain, methanol 

(≥99.9%), distilled water. 

2.5.2  DAPI preparation 

The stock solution was prepared by weighing 1 mg DAPI powder on powder paper on a 

scale and placing it in a labeled microtube (1.5 ml). Distilled water was placed in an 

Erlenmeyer flask and a pipette was used to take 50 µl of it and add to the microtube. The 

solution was vortexed on a minishaker and heated in a heatblock at 55 °C for a few 
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minutes until it became a yellow clear solution. Aluminium foil was placed over the 

microtube. 

For the working solution a labeled 30 ml tube was wrapped in aluminium foil and 20 ml 

methanol (≥99.9%) was placed in it with a pipette. A pipette was used to add 1 µl of stock 

solution to the tube. The solution was swung. Both the stock and working solutions were 

kept at 4 °C. 

2.5.3  Slide preparation 

The slides were prepared with one drop of DAPI working solution and two drops of 

calcofluor white placed on a 2-4 mg biocrust sample that had been taken with a knife. A 

cover glass was placed over the slide and it placed in a slide container. 

2.5.4  Observation and image analysis 

The slides were observed in a Leica DM6000 B fluorescence microscope with a Leica 

DFC360 FX camera. The slides were examined at 400x magnification, using a 40x 

objective lens, using the Leica program LAS AF. Images were taken under UV light (Filter 

cube A) for the fungal structures and under green light (Filter cube TX2) for the 

autofluorescence of cyanobacteria. A 50 µm scale bar was added. The UV and green light 

images were merged together using Fiji (Rueden et al., 2017; Schindelin et al., 2012).  

2.6 Metagenome analysis 

The metagenome analysis was done by Rúna Björk Smáradóttir. Samples from Gagnheiði 

(study site 1) were used, from same sampling areas as sample 1 and sample 2. Upper 

samples were above 5 mm depth and lower samples were below 5 mm. Four upper 

samples were collected two in May and two in September. Two lower samples were 

collected, both in September. Four random subsamples of 0.5 g each were dried, pooled 

and hand homogenized with a pestle in a clean baked mortar. 0.25 g of this material was 

extracted using the DNeasy PowerLyzer PowerSoil Kit (QiaGen). DNA sequencing 

libraries were generated with the Illumina Nextera XT kit and 2x 150 base sequences 

generated with a MiSeq v.2 sequencing kit. This produced approximately 300 Mb of data 

for each sample which were subjected to metagenomic analysis on the Kaiju web site 



38 

(Menzel, Ng, & Krogh, 2016) in the default “Greedy” mode. The resulting classification 

data was downloaded and summaries of the fungal data produced. 

2.7 Statistical analysis 

Statistical analysis was done using R-3.4.3 and RStudio 1.1.423 (R-Core-Team, 2017; 

RStudio, 2018). For the estimation of the variability for the quantification of fungal 

biomass a linear model was prepared where the response variable was the amount of 

fungal biomass and the explanatory variable was either the slides prepared from the same 

subsample mixture or the repeated measurements of the same slide (chapter 3.2.1). For 

fungal structure in biocrust a MANOVA test was prepared to estimate whether there was a 

difference in fungal biomass between depths in biocrust. Explanatory variables were depth, 

study site and vegetation type, where vegetation type was nested within the study site. 

Response variables were hyphal volume within plants, sporangial volume, spore volume, 

volume of medium hyphae and volume of large hyphae. Hyphal volume not within plants 

and volume of small hyphae were excluded in former models as non significant response 

variables. For the categorical response variables (on or inside plants, texture and 

distribution) separate models were prepared. A logistic regression model was prepared for 

on or inside plants where the explanatory variable was depth. Multinomial regression 

models were conducted for texture and distribution. For texture, depth and vegetation type 

were explanatory variables. For distribution, depth and on or inside plants were 

explanatory variables (chapter 3.2.2.). One-way ANOVAs were prepared for estimating 

differences in composition between depths. A MANOVA test could not be done due to a 

small sample size (chapter 3.3). 
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3 Results 

3.1 Fungi in biocrust 

3.1.1  The basics of the biocrust and fungal structure 

The herbage species found present in the biocrust samples are shown in table 3.1. Anthelia 

juratzkana was the only one found present in all samples.  

Table 3. 1: Presence of herbage species in vegetation types found present in the biocrust samples. 

Vegetation types are 1) Boreal moss snowbed communities (EUNIS E4.115) and areas with 

Anthelia, 2) Icelandic Racomitrium ericoides heaths (EUNIS E4.26), 3) Icelandic lava field lichen 

heaths (EUNIS E4.241), 4) moss, and 5) unknown. 

Type of herbage Species Vegetation type 

Liverwort 

Anthelia juratzkana 
1 2 3 4 5 

+ + + + + 

Gymnomitrion conncinnatum 
1 2 3 4 5 

+ + + + + 

Gymnomitrion obtusum 
1 2 3 4 5 

- - - - + 

Lophozia sudetica 
1 2 3 4 5 

+ + - + - 

Lophozia ventricosa 
1 2 3 4 5 

+ - - - - 

Nardia geoscyphus 
1 2 3 4 5 

- - - + - 

Marsupella alpina 
1 2 3 4 5 

+ - - - - 

Marsupella brevissima 
1 2 3 4 5 

+ - - - + 

Moss 

Racomitrium ericoides 
1 2 3 4 5 

+ + - + + 

Racomitrium lanuginosum 
1 2 3 4 5 

- - + - - 

Dicranella subulata 
1 2 3 4 5 

- + - - - 

Other plants Salix herbacea 
1 2 3 4 5 

+ + + + - 

Lichens 

Stereocaulon vesuvianum 
1 2 3 4 5 

- - + - - 

Stereocaulon articum 
1 2 3 4 5 

+ - - - - 

Stereocaulon glareosum 
1 2 3 4 5 

- + - - - 

Epilichen scabrosus 
1 2 3 4 5 

- - - + - 

Rhizocarpon copelandii 
1 2 3 4 5 

+ - - - - 



40 

 

Figure 3.1: Illustration of fungal distribution in biocrust. Blue dots show fungal distribution. a) 

patchy dumped b) patchy random and c) sparse random. 

Figure 3.2: Fungal distribution in biocrust. Subsamples were stained with lactophenol cotton blue 

and examined under a light microscope with a 10x objective. Scalebars are 200 µm. a) sample 17 

and b) sample 17, show a patchy distribution of mycelium. c) sample 10 and d) sample 5, show a 

random distribution of hyphae. 
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Figure 3.3: Biocrust texture. Samples stained with lactophenol cotton blue and examined under a 

light microscope with 10x and 40x objectives. a) sample 9 shows a muddy texture (scalebar 50 µm) 

b) sample 4 shows a muddy texture (scalebar 200 µm) c) sample 3 shows a coarse texture 

(scalebar 50 µm) d) sample 3 shows a coarse texture (scalebar 200 µm). 

The distribution of fungi was classified as patchy dumped, patchy random or random 

sparse (figure 3.1 and figure 3.2). In some cases the distribution was said to be none but in 

those cases fungi were only found on or inside plants. In the statistical analysis (chapter 

3.2) patchy random and sparse random were combined in one group called random. Single 

hyphae and small mycelia had a random distribution while larger mycelia and sporangia 

had a more patchy distribution (figure 3.2). 

The biocrust texture differed between subsamples and was classified as coarse, mixed or 

muddy, with mixed being a mixture of coarse and muddy (figure 3.3). Where the texture 

was coarse, fungi were often found as single hypha or a few hyphae (figure 3.3c,d). 
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Figure 3.4: Cross-section samples from Þingvellir area (study site 1) stained with calcofluor white 

and examined under a fluorescence microscope with a 5x objective. Autofluorescence of liverworts 

is seen in red (observed with green light) and fungi in blue seen with UV light. Images are 

composites and have a scalebar of 3 mm. a) sample 1, b) sample 2, c) sample 16 and d) sample 17. 

Cross-sections were taken of all samples from all study sites. From study site 1, sample 1 

and 2 were with Anthelia from Gagnheiði (figure 3.4a,b) and samples 16 and 17 from an 

unknown vegetation type at Skjaldbreiður (figure 3.4c,d). Judging from these images there 

seem to be more fungi at the Gagnheiði sampling site.  

From study site 2, sample 3 and 4 were from Icelandic Racomitrium ericoides heaths at 

Laki (figure 3.5a,b). Samples 5 and 6 were from Icelandic lava field lichen heaths at Laki 

(figure 3.5c,d). Samples 8 and 9 were from Boreal moss snowbed communities at 

Fjallabaksleið syðri (figure 3.5e,f). Sample 4 and 5 seem to have a little more fungi then 

the others. 
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Figure 3.5: Cross section sample from Skaftártunga (study site 2) stained with calcofluor white and 

examined under a fluorescence microscope with a 5x objective. Images are composites and have a 

scalebar of 3 mm. a) sample 3, b) sample 4, c) sample 5, d) sample 6, e) sample 8 and f) sample 9.  
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In study site 3, samples 11 and 12 are from areas with Anthelia and willow (figure 3.6a,b). 

Samples 10 and 13 were from areas with moss (figure 3.6c,d). These samples seem to be 

rather abundant in fungi.  All the cross-section samples (figure 3.4, figure 3.5 and figure 

3.6) seem to have in common that there is often a fungal layer at the surface. The 

liverworts seem to be abundant below ground as well as at the surface for some samples. 

Figure 3.6: Cross section samples from Landmannaleið (study site 3) stained with calcofluor white 

and examined under a fluorescence microscope with a 5x objective. Images are composites and 

have a scalebar of 3 mm. a) sample 11, b) sample 12, c) sample 10 and d) sample 13. 

3.1.2  Fungi at the surface 

Fungi  in surface subsamples were often found as mycelia. Some had mostly small hyphae 

(figure 3.7a,f) while others also grew larger hyphae in the mycelium (figure 3.7b,c). Figure 
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3.7e shows very well how hyphae can bind soil particles together, an important ecological 

role that has been noticed by others as well (Belnap et al., 2001, pp. 35-37).  

Figure 3.7: Mycelia in surface subsamples stained with lactophenol cotton blue and examined 

under a light microscope with 10x and 40x objectives. a-d) have a scalebar of 50 µm. e-f) have a 

200 µm scalebar. a) sample 2, b) sample 3, c) sample 17, d) sample 9, e) sample 4 and f) sample 

12. 
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Figure 3.8: Sporangia or arthrospores in surface subsamples stained with lactophenol cotton blue 

and examined under a light microscope with 10x and 40x objectives. a-f) have 50 µm scalebars 

and g-h) have 200 µm scalebars.a) sample 3, b) sample 2, c) sample 9, d) sample 11, e) sample 16 

and f-h) sample 9.  
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Figure 3.9: Fungi within plants in surface subsamples stained with lactophenol cotton blue and 

examined under a light microscope with 10x and 40x objectives. a-e) have 50 µm scalebars and f-

h) have 200 µm scalebars.a) sample 2, b) sample 12, c) sample 1, d) sample 4, e) sample 8, f) 

sample17, g) sample 6 and f) sample 2. 
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Figure 3.10: Spores in surface subsamples stained with lactophenol cotton blue and examined 

under a light microscope with 40x objectives. Scalebars are 50 µm. a-c) sample 9, d) sample 4, e-f) 

sample 9, g) sample 4 and h) sample 11. 
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Figure 3.11: Fungi, cyanobacteria and bacteria in a surface subsample from sample 2 stained with 

DAPI and calcofluor white. Examined with an 40x objective in a fluorescence microscope. Both 

DAPI and calcofluor white fluoresce blue observed with a UV light. The red color is 

autofluorescence from cyanobacteria observed with green light. The scalebars are 50 µm.  
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Sporangia were common in surface subsamples. In figure 3.8a arthrospores can be seen, 

but they are spores that break off hyphae in an anamorphic state (Hallgrímsson, 2010, p. 

26). The sporangia in figures 3.8d,g show the same long, forked and greenish sporangia, 

which were often seen in the samples. The more transparent one (figure 3.8d) was less 

common. These are reminiscent of the asci a and d in figure 1.3b although they are not 

forked. Another commonly seen sporangium is in figures 3.8e,f,h which often contained 4 

spores (sometimes 2 or 3) and had a round shape and red color. The shape is similar to the 

asci h in figure 1.3b of Ascomycota. The sporangia in figure 3.8b and figure 3.8c have a 

shape more like asci b and i in figure 1.3b. These are both transparent and contain many 

spores but the one in figure 3.8c is more oblong while the other is rounder. In some cases, 

a clear connection between hyphae and sporangia can be seen (figure 3.8b,e,f). 

Fungi within plants in surface subsamples were often abundant if present and often 

intracellular (figure 3.9a-d). In liverworts they were commonly found in the growth area 

(figure 3.9d,f).  

Spores in surface subsamples were diverse in shape and size. They were often between 5-

30 µm. Round shaped were common (figure 3.10c,g), but some were football-shaped 

(figure 3.10a) or funky (figure 3.10b,e). Germ tubes (figure 3.10f,g) or mycelium (figure 

3.10h) could sometimes be seen growing from the spores. 

In figure 3.11 the presence of cyanobacteria, fungi, bacteria and other organisms can be 

seen in the biocrust. In figure 3.11a one cell in a chain of cyanobacteria, probably Nostoc, 

is hardly visible (devoid of phycobiliproteins),  presumably a heterocyst. In figures 3.11b,c 

cyanobacteria and hyphae can be seen as well as bacteria. 

3.1.3  Fungi at 5 mm 

At 5 mm depth the mycelium was not as patchy as at the surface and rather in long hyphae 

that were often one or few together (figure 3.12e-h). Mycelium could be found as well 

(figure 3.12a,b) but the surface it covered was smaller than the bigger ones at the surface 

(0 mm). In figure 3.12c,d filaments that could not be stained can be seen along with very 

small, stained, light blue dots. These might be unicellular fungi or fungi with hyphae that 

do not stain easily with lactophenol cotton blue. 
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Figure 3.12: Mycelia and hypae at 5 mm depth stained with lactophenol cotton blue and examined 

under a light microscope with 10x and 40x onjectives. a-g) have 50 µm scalebars. h) has a 200 µm 

scalebar. a) sample 5, b) sample 1, c-d) sample 16, e-f) sample 3, g) sample 2 and f) sample 3. 
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Figure 3.13: Sporangia at 5 mm depth stained with lactophenol cotton blue and examined under a 

light microscope with a 40x onjective. The scalebars are 50 µm. a) sample 2, b) sample 9, c) 

sample 8 and d) sample 10. 

At 5 mm depth sporangia were not as abundant as in surface subsamples although they 

could be found. When they were found they were often only one or a few (figure 3.13). 

However, the types of sporangia looked similar to those found at the surface. 
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Figure 3.14: Fungi within plants at 5 mm depth stained with lactophenol cotton blue and examined 

under a light microscope with a 40x onjective. Scalebars are 50 µm. a) sample 16, b) sample 17, c) 

sample 1 and d) sample 4. 

Fungi within plants were also more abundant at the surface. Furthermore, at 5 mm depth 

the plants looked battered (figure 3.14c,d). In figure 3.14a the mycelium is intercellular but 

at 5 mm the lifeform of figure 3.14c,d was more commonly seen. In figure 3.14b the fungi 

are in the plant growth area, which was often seen as well in the surface subsamples.  

Spores at 5 mm differed in shapes and sizes (figure 3.15). Figure 3.15b shows a football-

shaped spore and in figure 3.15d a germ tube can be seen growing from the spore. In figure 

3.15f a very big spore can be seen (>50 µm).  
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Figure 3.15: Spores at 5 mm depth stained with lactophenol cotton blue and examined under a 

light microscope with a 40x onjective. Scalebars are 50 µm. a-c) sample 4, d-f) sample 9. 

3.1.4  Fungi at 20 mm 

At 20 mm depth the mycelium was similar to that at 5 mm depth in that the hyphae were 

often long and only one or a few together (figure 3.16e-h). Mycelium could also be seen 

(figure 3.16a-c). In figure 3.16c,e the small light blue dots also seen at 5 mm depth are 

present. In figure 3.16d a mycelium is growing in a bundle. 
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Figure 3.16: Mycelia and hyphae at 20 mm depth stained with lactophenol cotton blue and 

examined under a light microscope with 10x and 40x onjectives. a-f) have 50 µm scalebars. g-h) 

have 200 µm scalebars. a) sample 3, b) sample 4, c) sample 17, d) sample 6, e) sample 1, f) 

sample 2, g) sample 3 and h) sample 5. 
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Figure 3.17: Sporangia at 20 mm depth stained with lactophenol cotton blue and examined under 

a light microscope with a 40x onjective. Scalebars are 50 µm. a-b) sample 4, c) sample 5, d) 

sample 4. 

Sporangia were not abundant at 20 mm depth and often only one or a few sporangia were 

observed (figure 3.17) instead of many together as was often seen at the surface. 

Nevertheless, the types of sporangia were similar to those at 5 mm and in surface 

subsamples. 

Fungi at 20 mm depth were sometimes present within plants (figure 3.18). The plants often 

seemed battered as the ones at 5 mm depth.  
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Figure 3.18: Fungi within plants at 20 mm depth stained with lactophenol cotton blue and 

examined under a light microscope with 10x and 40x onjectives. a-c) have 50 µm scalebars. d) has 

a 200 µm scalebar. a) sample 16, b) sample 6, c) sample 11 and d) sample 6. 

The spores at 20 mm depth were similar to the ones at 5 mm depth and the ones at the 

surface. They could be found in different sized and shapes; from round (figure 3.19a-b,f-

h), football-shaped (figure 3.19d) to funky (figure 3.19c,e) and sometimes with hyphae 

growing from them (figure 3.19g,h).  
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Figure 3.19: Spores at 20 mm depth stained with lactophenol cotton blue and examined under a 

light microscope with a 40x onjective. Scalebars are 50 µm. a) sample 4, b) sample 9, c-d) sample 

4, e) sample 9, f-g) sample 4 and h) sample 6. 
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3.2 Fungal features in biocrust 

3.2.1  Estimation of variability in the quantification 

Two kinds of estimation of variability were done for the quantification of fungal biomass. 

On one hand, four slides were prepared from the same subsample mixture (different slides) 

and on the other hand, the images taken for one slide were estimated four times 

(repetitions). For each sample, ten positions were chosen and biomass estimated. For both 

estimations, linear models were prepared where the response variable was amount of 

fungal biomass and the explanatory variable was either the slides prepared from the same 

subsample mixture (different slides) or the repeated measurements of the same slide 

(repetitions). 

Table 3.2: Mean total volume and standar deviation (sd) showing variability in the quantification 

of fungal biomass. The quantification is  either per slide or position. 

Estimation 
Total fungal volume on slide 

(mm
3
) 

Total fungal volume at 

position (mm
3
) 

Mean (sd) N=4 N=40 

Different slides 125.50 (106.19) 12.55 (37.16) 

Different slides (not within 

plants) 
49.04 (7.65) 4.90 (9.48) 

Repetitions 131.33 (3.39) 13.15 (27.72) 

In table 3.2 standard deviation is high for total fungal volume at position indicating a 

patchiness between different positions on the slide. Standard deviation was high for total 

fungal volume on slide for different slides. However, this was because two slides had fungi 

within plants and two did not. Fungi within plants had very high volumes and therefore the 

difference is high. Standard deviations of total fungal volume on slide for different slides 

(not within plants) and repetitions were low indicating small differences in the counting. 

A one-way ANOVA (table 3.3) was used to compare the different slides but the difference 

was not significant. The p-value was close to 1 (p = 0.9802) when fungi within plants were 

not included indicating a very small difference between slides.  

One-way ANOVA was also conducted to compare the repetitions. There was no significant 

difference and the p-value was very close to 1, which indicates a very small difference 

between repetitions.  
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Table 3.3: One-way ANOVA tests for estimations of variability in the quantification of fungal 

biomass. 

Estimation ANOVA 
D

f 

Sums of 

squares 

Mean 

squares 

F-

value 

P-

value 

Different slides 

Between 

groups 
3 3383 1127.6 0.8041 0.4998 

Within 

groups 
36 50482 1402.3   

Total 39 53865    

Different slides (not 

within plants) 

Between 

groups 
3 17.6 5.854 0.0604 0.9802 

Within 

groups 
36 3486.8 96.855   

Total 39 3504.4    

Repetitions 

Between 

groups 
3 3.5 1.16 0.0014 0.9999 

Within 

groups 
36 29963.8 832.33   

Total 39 29967.3    

 

3.2.2  Fungal structure in biocrust 

In table 3.4 biocrust texture and structural features of fungi are shown in relation to depth. 

Small hyphae had a diameter ≤2.5 µm, medium hyphae 2.6-6.24 µm and large hyphae 

≥6.25 µm. If distribution was marked as no distribution the fungi were only on or inside 

plants. Texture, distribution, on or inside plants, hyphal volume within plants, sporangial 

volume and volume of medium and large hyphae all showed a significant difference 

between depths in biocrust. On the other hand, hyphal volume not within plants, spore 

volume and volume of small hyphae did not show a difference between depths. 
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Table 3.4: Texture of biocrust and structural features of fungi in relation to depth. For categorical 

variables both number of subsamples (n)  and proportion (%) are shown for each category within 

variable and p-values are from chi-squared tests. For continuous variables mean and standard 

deviation (sd) is shown and p-values are from one-way ANOVAs.* stands for statistically 

significant. 

 
 Depth  P values 

0 mm 5 mm 20 mm  

Variables Group N=28 N=28 N=28  

 

Texture (n(%)) 

coarse 14 (50.0) 16 (57.1) 22 (78.6) 
 

<0.001* 
mixed 3 (10.7) 11 (39.3) 6 (21.4) 

muddy 11 (39.3) 1 (3.6) 0 (0.0) 

On or inside 

plants (n(%)) 
yes 26 (92.9) 11 (39.3) 7 (25.0)  

<0.001* no 2 (7.1) 17 (60.7) 21 (75.0) 

 

Distribution 

(n(%)) 

no 10 (35.7) 6 (21.4) 3 (10.7) 
 

<0.001* 
patchy 

dumped 
15 ( 53.6) 6 (21.4) 4 (14.3) 

random 3 (10.7) 16 (57.1) 21 (75.0) 

Hyphal volume (µm
3
) (not 

within plants) (mean (sd)) 
355,820 

(1,748,491) 
26,248 

(17,212) 
20,087 

(13,074) 
0.367 

Hyphal volume (µm
3
) (within 

plants) (mean (sd)) 
2,410,966 

(3,518,604) 
317,559 

(569,008) 
467,539 

(1,280,830) 
0.001* 

Spores volume (µm
3
) (mean (sd)) 

9,651 

(18,870) 
27,990 

(106,077) 
33,495 

(113,002) 
0.587 

Sporangial volume (µm
3
) (mean 

(sd)) 
13,498 

(27,953) 
54 (207) 288 (1523) 0.003* 

Volume of small hyphae (µm
3
) 

(mean (sd)) 
337,033 

(1750,554) 
5,078 (3,046) 

7,282 

(11,312) 
0.372 

Volume of medium hyphae 

(µm
3
) (mean (sd)) 

6,585 (6,738) 
13,448 

(13,022) 
8,965 

(7,496) 
0.027* 

Volume of large hyphae (µm
3
) 

(mean (sd)) 
12,203 

(9,005) 
7,723 

(10,150) 
3,841 

(5,766) 
0.002* 

A MANOVA test was conducted to estimate whether there was a difference in types and 

amount of fungal biomass between depths in biocrust. Explanatory variables were depth, 

study site and vegetation type, where vegetation type was nested within study site. 

Response variables were hyphal volume within plants, sporangial volume, spore volume, 

volume of medium hyphae and volume of large hyphae. The model was tested for a 

difference with four test criteria where all were found to have a significant multivariate 

effect (table 3.5). The interaction between depth and vegetation type was found to be 

significant (p<0.05), the interaction between depth and study site had formerly been 

excluded in an initial model as non significant. Further, the response variables hyphal 

volume not within plants and volume of small hyphae were also excluded in former 

models as non significant. 
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Table 3.5: MANOVA model of fungal volume tested for a difference with four test criteria. The 

MANOVA model is volume of different fungal features in relation to depth, study site, vegetation 

type (nested within study site), and the interaction between depth and vegetation type. * stands for 

statistically significant. 

Explanatory variables Test Df Df residuals F-value P-value 

Depth 

Wilks' Lambda 2 67 4.2776 <0.001* 

Roy's Greatest Root 2 67 0.58988 <0.001* 

Hotelling-Lawley Trace 2 67 0.71842 <0.001* 

Pillai's Trace 2 67 0.48492 <0.001* 

Study site 

Wilks' Lambda 2 67 0.65511 0.0022* 

Roy's Greatest Root 2 67 0.30539 0.0037* 

Hotelling-Lawley Trace 2 67 0.47474 0.0024* 

Pillai's Trace 2 67 0.37877 0.0020* 

Study site: Vegetation type 

Wilks' Lambda 4 67 0.51861 0.0019* 

Roy's Greatest Root 4 67 0.50494 <0.001* 

Hotelling-Lawley Trace 4 67 0.76751 0.0012* 

Pillai's Trace 4 67 0.56991 0.0028* 

Depth: Vegetation type 

Wilks' Lambda 8 67 0.37793 0.0059* 

Roy's Greatest Root 8 67 0.60667 <0.001* 

Hotelling-Lawley Trace 8 67 1.15486 0.0041* 

Pillai's Trace 8 67 0.83358 0.0084* 
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Table 3.6: Univariate F-tests for the MANOVA model of fungal volume. The MANOVA model is 

volume of different fungal features in relation to depth, study site, vegetation type (nested within 

study site), and the interaction between depth and vegetation type. * stands for statistically 

significant. 

Response 

variable 

Explanatory 

variable 

D

f 

Df 

residuals 

Sums of 

squares 

Mean 

squares 

F-

value 
P-value 

Hyphal volume 

(µm
3
) (within 

plants) 

Depth 2 67 7.63x10
13 3.82x10

13 9.6346 <0.001* 

Study site 2 67 1.64x10
12 8.20x10

11 0.2068 0.8137 

Study site: 

Vegetation type 
4 67 4.40x10

13 1.10x10
13 2.7732 0.0340* 

Depth: 

Vegetation type 
8 67 7.62x10

13 9.52x10
12 2.4033 0.0241* 

Spores volume 

(µm
3
) 

Depth 2 67 8.72x10
9 4.36x10

9 0.6685 0.5159 

Study site 2 67 6.26x10
10 3.13x10

10 4.7917 0.0114* 

Study site: 

Vegetation type 
4 67 7.58x10

10 1.89x10
10 2.9022 0.0282* 

Depth: 

Vegetation type 
8 67 4.37x10

11 1.03x10
10 1.5785 0.1480 

Sporangial 

volume (µm
3
) 

Depth 2 67 3.32x10
9 1.66x10

9 6.5071 0.0026* 

Study site 2 67 5.82x10
8 2.91x10

8 1.1419 0.3253 

Study site: 

Vegetation type 
4 67 9.14x10

8 2.28x10
8 0.8963 0.4712 

Depth: 

Vegetation type 
8 67 2.59x10

9 3.24x10
8 1.2718 0.2731 

Volume of 

medium 

hyphae (µm
3
) 

Depth 2 67 6.80x10
8 3.40x10

8 5.1929 0.0080* 

Study site 2 67 9.46x10
8 4.73x10

8 7.2217 0.0014* 

Study site: 

Vegetation type 
4 67 4.75x10

8 1.19x10
8 1.8147 0.1363 

Depth: 

Vegetation type 
8 67 1.51x10

9 1.89x10
8 2.8876 0.0080* 

Volume of 

large hyphae 

(µm
3
) 

Depth 2 67 9.80x10
8 4.90x10

8 6.9018 0.0019* 

Study site 2 67 2.20x10
7 1.10x10

7 0.1548 0.8569 

Study site: 

Vegetation type 
4 67 6.20x10

8 1.55x10
8 2.1831 0.0802 

Depth: 

Vegetation type 
8 67 4.68x10

8 5.85x10
7 0.8230 0.5851 
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Univariate analysis for the effect of depth and also the interaction between depth and 

vegetation type on hyphal volume within plants was found to be significant (table 3.6) 

where hyphae within plants were often in higher amount at the surface (0 mm), especially 

for Boreal moss snowbed communities and areas with Anthelia, Icelandic lava field lichen 

heaths and moss (figure 3.20). 

 

Figure 3.20: Hyphal volume within plants shown in relation to depth and vegetation type. Error 

bars are standard deviation of the mean. Vegetation types are 1) Boreal moss snowbed 

communities (EUNIS E4.115) and areas with Anthelia, 2) Icelandic Racomitrium ericoides heaths 

(EUNIS E4.26), 3) Icelandic lava field lichen heaths (EUNIS E4.241), 4) moss, and 5) unknown. 

Univariate analysis showed that sporangial volume was only significantly affected by 

depth (table 3.6). Sporangial volume was a lot higher in surface subsamples (0 mm) then 

the below ground subsamples (5 mm and 20 mm) (figure 3.21). There does not seem to be 

a significant difference between sporangial volume at 5 mm and 20 mm depths. However, 

the presence of sporangia in subsamples stained with lactophenol cotton blue was noted. 

Out of 28 subsamples for each depth, 25 surface subsamples (0 mm) contained sporangia, 

9 subsamples from 5 mm depth contained sporangia and only 2 subsamples from 20 mm 

depth contained sporangia. 
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Figure 3.21: Sporangial volume in relation to depth. Error bars are standard deviation of the 

mean. 

 

Figure 3.22: Volume of medium hyphae in relation to depth and study site. Error bars are 

standard deviation of the mean. Study sites are 1) Study site 1 close to Þingvellir, 2) Study site 2 

Skaftártunga and 3) Study site 3 at Landmannaleið. 
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Univariate analysis indicated an effect of depth and study site as well as the interaction 

between depth and vegetation type on volume of medium hyphae (table 3.6). Surprisingly, 

the effect seems to be due to a high volume of medium hyphae at 5 mm depth at 

Landmannaleið (figure 3.22). 

Univariate analysis showed a significant effect of depth on volume of large hyphae (table 

3.6) where volume of large hyphae exponentially increase closer to the surface of the 

biocrust with the highest volume of large hyphae at the surface (0 mm) (figure 3.23).  

 

Figure 3.23: Volume of large hyphae in relation to depth and study site. Error bars are standard 

deviation of the mean. 

Univariate analysis indicated an effect of study site and vegetation type (with vegetation 

type nested within study site) on spore volume (table 3.6). However, this effect seemed to 

be mostly due to a very high volume of spores at Skjaldbreiður within study site 1 

(Þingvellir area), since Skjaldbreiður had an unknown vegetation type (figure 3.24). To 

support this result, in subsamples stained with lactophenol cotton blue the presence of 

spores in subsamples was checked for and noted if the amount was very high. Only 2 out 
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of 84 subsamples were noted to have a very high amount of spores and both of these were 

at 5 mm depth. One was a subsample from sample 12 from an area with Anthelia at 

Landmannaleið (study area 3) and another one was a subsample from sample 17 from an 

unknown vegetation type at study site 1 (close to Þingvellir), specifically Skjaldbreiður. 

Mean spore diameter for all 84 subsamples was 6.7 µm. 

 

Figure 3.24: Volume of spores in relation to study site and vegetation type. Error bars are 

standard deviation of the mean. Vegetation types are 1) Boreal moss snowbed communities 

(EUNIS E4.115) and areas with Anthelia, 2) Icelandic Racomitrium ericoides heaths (EUNIS 

E4.26), 3) Icelandic lava field lichen heaths (EUNIS E4.241), 4) moss, and 5) unknown. 

For the categorical response variables (on or inside plants, texture and distribution) 

separate models were conducted. For on or inside plants a logistic regression was used 

where the explanatory variable was depth (P<0.001). Texture and distribution were 

excluded as non significant explanatory variables in the former models. The odds of 

having hyphae on or inside plants were higher for above surface subsamples (0 mm) than 5 

mm (odds ratio 20.1 (confidence cntervals 3.95-102)) and 20 mm (odds ratio 39.0 

(confidence intervals 7.32-208)) subsamples, with 20x higher odds than for 5 mm and 39x 

higher odds than for 20 mm. A multinomial regression was conducted with depth and 
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vegetation type as explanatory variables, and texture as a response variable. In a former 

model, study site was added as an explanatory variable but resulted in NANs (not a 

number) produced. The Bayesian information criterion (BIC) was 142.42 and the 

misclassification percentage was 20%. The odds of having a mixed texture (rather than 

coarse) are 4x higher for 5 mm than 0 mm depth (table 3.7). There was almost no 

difference between 0 mm and 20 mm. On the other hand, the odds of having muddy 

texture (rather than coarse) was a lot higher for 0 mm than 5 mm and 20 mm. The odds of 

having a mixed texture (rather than coarse) was higher for vegetation type 1 than 

vegetation types 2, 3 and 5. However, this was the other way around for vegetation type 4. 

The odds of having a muddy texture (rather than coarse) was higher for vegetation type 1 

than the other vegetation types.  

Table 3.7: Odds ratio for a multinomial regression model with texture in relation to depth and 

vegetation types. Depth and vegetation types are explanatory variables and texture is a response 

variable. Coarse texture was chosen as a reference level. Vegetation types are 1) Boreal moss 

snowbed communities (EUNIS E4.115) and areas with Anthelia, 2) Icelandic Racomitrium 

ericoides heaths (EUNIS E4.26), 3) Icelandic lava field lichen heaths (EUNIS E4.241), 4) moss, 

and 5) unknown. 

Effect 
Texture Odds ratio Confidence intervals 

5 mm depth vs. 0 mm depth Mixed 3.95 0.54-29.1 

0 mm depth vs. 5 mm depth Muddy 20.2 1.69-242 

0 mm depth vs. 20 mm depth Mixed 1.08 0.51-7.74 

0 mm depth vs. 20 mm depth Muddy 6.00x106
 0.00-Inf 

Vegetation type 1 vs vegetation type 2 Mixed 8.00x107
 8.00x107-8.00x107

 

Vegetation type 1 vs vegetation type 2 Muddy 14.3 1.08-189 

Vegetation type 1 vs vegetation type 3 Mixed 8.45 0.87-81.9 

Vegetation type 1 vs vegetation type 3 Muddy 1.17x1010
 1.17x1010-1.17x1010

 

Vegetation type 1 vs vegetation type 4 Mixed 0.22 0.04-1.17 

Vegetation type 1 vs vegetation type 4 Muddy 4.73 0.30-75.0 

Vegetation type 1 vs vegetation type 5 Mixed 9.87x107
 9.87x107-9.87x107

 

Vegetation type 1 vs vegetation type 5 Muddy 1.53x1010
 1.53x1010-1.53x1010
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A multinomial regression was conducted with depth and on or inside plants as explanatory 

variables, and distribution as response variable. Texture, study site and vegetation type 

were not significant as explanatory variables. The BIC was 158.51 and the 

misclassification percentage was 45%. The odds of having no distribution (rather than a 

patchy dumped distribution) are almost 5x higher for 5 mm and 20 mm than 0 mm depth 

(table 3.8). The odds of having a random distribution (rather than patchy dumped) was a 

10x higher for 5 mm than 0 mm and almost 20x higher for 20 mm than 0 mm. The odds of 

having a random distribution (rather than patchy dumped) was 1.5x higher for subsamples 

with fungi not on or inside plants than ones found on or inside plants. The odds of having 

no distribution (rather than patchy dumped) was obviously a lot higher for on or inside 

plants than not because all subsamples marked as no distribution were only found on or 

inside plants. 

Table 3.8: Odds ratio for a multinomial regression model with distribution in relation to depth and 

on or inside plants. Depth and on or inside plants are explanatory variables and distribution is a 

response variable. Patchy dumped distribution was chosen as a reference level. 

Effect 
Distribution Odds ratio Confidence intervals 

5 mm depth vs. 0 mm depth No 4.74 0.85-26.5 

5 mm depth vs. 0 mm depth Random 10.2 1.68-62.1 

20 mm depth vs. 0 mm depth No 4.75 0.57-39.4 

20 mm depth vs. 0 mm depth Random 19.6 2.86-134 

On or inside plants vs not on or inside plants No 1.22x105 2.48x10-52-5.96x1061 

Not on or inside plants vs on or inside plants Random 1.53 0.33-6.96 
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3.3 Fungal composition 

The samples collected for metagenome analysis were all from study site 1 (Gagnheiði) 

from two sampling areas, same as for sample 1 and sample 2. Upper fungal samples were 

collected both in May and September and they did not show a significant difference in 

total fungal amount, amount within phyla or proportions of phyla (Appendix, table 3). 

However, a significant difference was found between depths (table 3.10). Upper and lower 

samples differed in total amount of fungi, amount of phyla and proportions of phyla. A 

MANOVA test could not be done due to a small sample size. Therefore, only one-way 

ANOVAs were conducted. 

Table 3.9: Amount (in reads) and proportions within samples of total fungi and fungal phyla are 

shown in relation to depth in biocrust. Mean and standard deviation (sd) is shown for all variables 

and p-values are from one-way ANOVAs.Upper samples are above 5 mm in depth, lower samples 

are below 5 mm in depth. * stands for statistically significant. 

 

Depth P values 

Upper Lower  

Variables N=4 N=2  

Total amount of fungi (mean (sd)) 278,542 (64,813) 17,971 (11,440) 0.006* 

Ascomycota amount (mean (sd)) 262,770 (63,530) 12,273 (9,385) 0.006* 

Basidiomycota amount (mean (sd)) 10,728 (1,332) 4,345 (1,555) 0.006* 

Zygomycete fungi amount (mean (sd)) 1,880 (206) 808 (267) 0.005* 

Chytridiomycota amount (mean (sd)) 389 (47) 200 (40) 0.009* 

Other phyla amount (mean (sd)) 2,775 (490) 348 (197) 0.003* 

Ascomycota proportion (mean (sd)) 0.94 (0.01) 0.65 (0.11) 0.004* 

Basidiomycota proportion (mean (sd)) 0.04 (0.01) 0.27 (0.08) 0.003* 

Zygomycete fungi proportion (mean (sd)) 0.01 (0.00) 0.05 (0.02) 0.005* 

Chytridiomycota proportion (mean (sd)) 0.00 (0.00) 0.01 (0.01) 0.012* 

Other phyla proportion (mean (sd)) 0.01 (0.00) 0.02 (0.00) 0.002* 
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Table 3.10: One-way ANOVA tests for depth in biocrust (differences between upper and lower 

biocrust samples). Amounts are in reads and proportions are within samples. Upper samples are 

above 5 mm in depth, lower samples are below 5 mm in depth. * stands for statistically significant. 

Estimation ANOVA Df 
Sums of 

squares 
Mean squares F-value P-value 

Total amount of fungi 

Between groups 1 9.05x10
10 9.05x10

10 28.44 0.0060* 

Within groups 4 1.27x10
10 3.18x10

9  
 

Total 5 1.03x10
11  

  

Ascomycota amount 

Between groups 1 8.37x10
10 8.37x10

10 27.44 0.0063* 

Within groups 4 1.22x10
10 3.05x10

9  
 

Total 5 9.59x10
10  

  

Basidiomycota amount 

Between groups 1 5.43x10
7 5.43x10

7 28.08 0.0061* 

Within groups 4 7.74x10
6 1.94x10

6  
 

Total 5 6.20x10
7  

  

Zygomycete fungi amount 

Between groups 1 1.53x10
6 1.53x10

6 30.96 0.0051* 

Within groups 4 1.98x10
5 49,500  

 

Total 5 1.73x10
6  

  

Chytridiomycota amount 

Between groups 1 47,600 47,600 22.94 0.0087* 

Within groups 4 8,310 2,080  
 

Total 5 55,900  
  

Other phyla amount 

Between groups 1 7.85x10
6 7.85x10

6 41.33 0.0030* 

Within groups 4 7.60x10
5 1.90x10

5  
 

Total 5 8.61x10
6  

  

Ascomycota proportion 

Between groups 1 0.115 0.115 37.52 0.0036* 

Within groups 4 0.0123 0.00307  
 

Total 5 0.127  
  

Basidiomycota proportion 

Between groups 1 0.0700 0.0700 38.68 0.0034* 

Within groups 4 0.00724 0.00181  
 

Total 5 0.0772  
  

Zygomycete fungi 

proportion 

Between groups 1 0.00250 0.00250 31.90 0.0048* 

Within groups 4 3.14x10
-4 7.84x10

-5  
 

Total 5 0.00281  
  

Chytridiomycota 

proportion 

Between groups 1 1.81x10
-4 1.81x10

-4 19.17 0.012* 

Within groups 4 3.77x10
-5 9.42x10

-6  
 

Total 5 1.91x10
-4  

  

Other phyla proportion 

Between groups 1 1.27x10
-4 1.27x10

-4 54.48 0.0018* 

Within groups 4 9.35x10
-6 2.34x10

-6  
 

Total 5 1.36x10
-4  
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Table 3. 11: All orders found within the liverwort-based biocrust samples.  

Phyla 
Ascomycota Basidiomycota 

Zygomycete 

fungi 
Chytridiomycota Other fungi 

Orders 

Acarosporales Agaricales Basidiobolales Monoblepharidales Blastocladiales 

Archaeorhizomycetales Agaricostilbales Diversiporales Rhizophydiales Neocallimastigales 

Arthoniales Atheliales Entomophthorales Spizellomycetales  

Botryosphaeriales Auriculariales Glomerales   

Caliciales Boletales Harpellales   

Capnodiales Cantharellales Kickxellales   

Chaetothyriales Ceraceosorales Mortierellales   

Coniochaetales Corticiales Mucorales   

Coniocybales Cystobasidiales Umbelopsidales   

Diaporthales Cystofilobasidiales Zoopagales   

Dothideales Dacrymycetales    

Erysiphales Erythrobasidiales    

Eurotiales Geastrales    

Geoglossales Georgefischeriales    

Glomerellales Gloeophyllales    

Helotiales Helicobasidiales    

Hymeneliales Hymenochaetales    

Hypocreales Jaapiales    

Hysteriales Kriegeriales    

Lecanorales Leucosporidiales    

Lichinales Malasseziales    

Magnaporthales Microbotryales    

Microascales Microstromatales    

Myriangiales Mixiales    

Mytilinidiales Moniliellales    

Neolectales Polyporales    

Onygenales Puccinales    

Ophiostomatales Russulales    

Orbiliales Sebacinales    

Ostropales Sporidiobolales    

Peltigerales Thelephorales    

Pertusariales Tilletiales    

Pezizales Trechisporales    

Phaeomoniellales Tremellales    

Pleosporales Trichosporonales    

Pleurotheciales Ustilaginales    

Pneumocystidales Wallemiales    

Pyrenuales     

Rhytismatales     

Saccharomycetales     

Schizosaccharomycetales     

Sordariales     

Taphrinales     

Teloschistales     

Togniniales     

Trapeliales     

Trypetheliales     

Umbilicariales     

Venturiales     

Verrucariales     

Xylariales     

Xylonomycetales     
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The total amount of fungi was a lot higher in upper samples than lower samples (table 3.9). 

Also, in upper samples the mean proportion of Ascomycota fungi was 94% of total fungal 

amount while in the lower samples the mean proportion was 65% of total fungal amount. 

Basidiomycota fungi were in higher proportions in the lower samples (mean proportion 

was 27% of total fungal amount) than in the upper samples (mean proportion was 4% of 

total fungal amount) but their amount was still higher in the upper samples. Zygomycete 

fungi contained the phyla Zoopagomycota and Mucroromycota. Other phyla contained 

Microsporidia, Neocallimastigomycota, Cryptomycota, Blastocladiomycota and unknown 

(unclassified) fungi, all present in all samples. Unknown fungi had between 42-3,144 reads 

for upper samples and 88-267 for lower samples. 

 
Figure 3.25: Fungal orders present in an upper biocrust sample taken in May (sampling area 

same as sample 1). The figure shows proportions of 84 orders present in the sample, thereof 41 

were Ascomycota orders and Basidiomycota were 30. Bar chart (Other 13%) contains orders with 

less then 1% reads.Only Ascomycota orders had 1% reads or more. 
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Figure 3.26: Fungal orders present in an upper biocrust sample taken in May (sampling area 

same as sample 2). The figure shows proportions of  86 orders present in the sample, thereof 44 

were Ascomycota orders and 30 were Basidiomycota orders. Bar chart (Other 13%) contains 

orders with less then 1% reads. Only Ascomycota orders had 1% reads or more. 

A total of 105 orders were found for all samples (table 3.11). Thereof, Ascomycota had 52 

orders, Basidiomycota 37 orders, zygomycete fungi 10 orders, Chytridiomycota 3 orders 

and other fungi 2 orders. The orders within Chytridiomycota and other fungi were all 

found present in all samples.  

In the upper biocrust samples orders with 1% reads or more were all Ascomycota fungi 

(figure 3.25 and figure 3.26). Helotiales and Chaetothyriales were the most abundant 

orders and Eurotiales, Hypocreales and Verrucariales were abundant as well. This was the 

same for the upper samples taken in September (Appendix, Figure 1 and Figure 2). The 

upper samples mostly differed between sampling area for sample 1 and sample 2. Both 

samples from the same area as sample 1 had a higher amount of Helotiales than 

Chaetothyriales, but this was the other way around for the upper samples taken from the 

same area as sample 2. In the lower samples orders with 2% or more were within 

Ascomycota and Basidiomycota for one sample (figure 3.28) and zygomycete fungi as well 
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for the other (figure 3.27). The most abundant orders differed between the two samples 

with Agaricales (Basidiomycota) being most abundant in one (figure 3.27) and Helotiales 

(Ascomycota) in the other (figure 3.28). Eurotiales and Hypocreales were abundant and in 

similar proportions in both samples. 

 

Figure 3.27: Fungal orders present in a lower biocrust sample taken in September (sampling area 

same as sample 1). The figure shows proportions of 72 orders present in the sample, thereof 32 

were order within Ascomycota and 30 within Basidiomycota. Bar chart (Other 33%) contains 

orders with less then 2% reads. 

In the upper biocrust samples the top fungal genera with over 2000 reads were all 

Ascomycota fungi (figure 3.29). The genera are within 11 orders. Capronia, 

Cladophialophora, Chyphellophora, Exophiala, Fonsecaea, Phialophora and 

Rhinocladiella belong to Chaetothyriales which was among the two most abundant orders 

in the upper samples (figure 3.25 and figure 3.26). Aspergillus, Penicillium, Talaromyces 

and Rasamsonia belong to Eurotiales which was also abundant. Botrytis, Glarea, 

Marssonia, Phialocephala, Rhynchosporium and Sclerotina belong to the other most 

abundant order, Helotiales. Endocarpon is within Verrucariales. The orders for 
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Cenococcum, Oidiodendron, Pseudogymnoascus, Conidiosporium and Glonium are 

unknown. The most abundant genera were Exophiala, Phialocephala and 

Pseudogymnoascus, with over 10,000 reads for all samples. Aspergillus, Endocarpon and 

Oidiodendron were also abundant. 

 

Figure 3.28: Fungal orders present in a lower biocrust sample taken in September (sampling area 

same as sample 2). The figure shows proportions of 77 orders found present in the sample, thereof 

34 were oders within Ascomycota and 32 within Basidiomycota. Bar chart (Other 31%) contains 

orders with less then 2% reads. 

In the lower biocrust samples the top fungi with over 200 reads for one sample were within 

Ascomycota, Basidiomycota and zygomycete fungi but only within the former two for the 

other (figure 3.30). The sample from the same sampling area as sample 1 only had six 

genera with more than 200 reads but its total reads was also a lot lower than for the sample 

from the same sampling area as sample 2 (table 3.9). The Basidiomycota fungi found in 

the lower biocrust samples were Hebeloma (within Agaricales), Rhizoctonia (within 

Cantharellales) and Serendipita (within Sebacinales). Mortierella (within Mortierellales) 

was the only zygomycete fungi. The other fungi were all Ascomycota fungi. In both 
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samples Pseudogymnoascus, Phialocephala, Aspergillus, Serendipita and Fusarium were 

among the most abundant. All but Serendipita were abundant as well in the upper samples. 

However, Serendipita along with the other top genera in the lower samples were found in 

the upper samples but were not among the most abundant. The same goes for the top fungi 

in the upper samples, they were all found in the lower samples but many had less than 200 

reads. 

 

Figure 3.29: Top fungal genera (over 2000 reads) in upper biocrust samples. Samples taken in 

May are blue (sampling area same as sample 1) and red (sampling area same as sample 2). 

Samples taken in September are green (sampling area same as sample 1) and purple (sampling 

area same as sample 2). All top genera are within Ascomycota. 
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Figure 3.30: Top fungal genera (over 200 reads) in lower biocrust samples taken in September. 

The blue sample was taken from same sampling area as sample 1. The red sample was taken from 

the same sampling area as sample 2.Hebeloma, Rhizoctonia and Serendipita are within 

Basidiomycota. Mortierella is within Mucoromycota (a zygomycete fungi). Other genera are all 

within Ascomycota. 
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4 Discussion 

4.1 Differences in fungal structure between 

depths 

A difference in fungal biomass between depths in biocrust was found. Sporangia were both 

common and abundant at the surface (0 mm) (figure 3.8) compared to below ground (5mm 

and 20 mm) (figures 3.13, 3.17). The sporangial volume was higher at the surface (figure 

3.21) and sporangia were also found present more often (p.63) in surface subsamples. 

Large hyphae had a higher volume at the surface (figure 3.23) than below ground (5 mm 

and 20 mm). This might be partially due to large hyphae forming asexual spores that break 

off hyphae or arthrospores (as seen in figure 3.8a) and therefore they might be more 

abundant at the surface like sporangia. 

Interestingly, the volume of small hyphae and hyphae not within plants had a lot higher 

mean volume at the surface (0 mm) than below ground (5mm and 20 mm) but the standard 

deviations were high (table 3.4) and there was no significant difference between the 

depths. However, a patchy dumped distribution was a lot more common at the surface than 

a random distribution (table 3.8, figure 3.2). This patchiness at the surface could be 

responsible for the high standard deviation of the volume of small hyphae and hyphae not 

within plants. 

Fungi within plants were often found in the growth area of the plant (figures 3.9d,f, 3.14b). 

Hyphae within plants had more volume at the surface (tables 3.4, 3.6 and figure 3.20) and 

plants below ground (5 mm and 20 mm) were often more battered (figures 3.14, 3.18) than 

the ones at the surface (0 mm) (figure 3.9). Possibly, the plants below ground were not 

alive and therefore looked battered. 

Strangely, there was a difference in volume of medium hyphae with them being more 

abundant in 5 mm subsamples at study site 3 (Landmannaleið) (tables 3.4, 3.6 and figure 
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3.22). This was true for all 5 mm subsamples at this site and the standard deviation of the 

mean was not very wide. 

Spores were not found to be different in volume or shapes between depths (tables 3.4, 3.6 

and figures 3.10, 3.15, 3.19). Small and large spores were found at all depths as well as 

many different shapes, such as round, football-shaped and funky (irregularly shaped 

spores). Germ tubes or mycelia could be seen growing from spores on occasions at all 

depths. 

A random distribution was the most common one below ground (5 mm and 20 mm) and 

patchy dumped most common at the surface (0 mm) (tables 3.4, 3.8, figures 3.1, 3.2). 

Mycelia and sporangia were more common and abundant at the surface then lower down 

(table 3.4, figures 3.7, 3.8) and are likely to contribute to the patchiness. On the other 

hand, in below ground subsamples (5 mm and 20 mm) hyphae and sporangia were more 

commonly alone or a few together (figures 3.12, 3.14) and therefore had a more random 

rather than patchy distribution. The biocrust texture was commonly coarse although muddy 

was also common at the surface and mixed at 5 mm (table 3.4, 3.7). 

In general, the fungal biomass was very different between depths, especially looking at 

surface subsamples (0 mm) compared to below ground subsamples (5 mm and 20 mm). 

Both distributional features as well as biomass of fungi were different between surface 

subsamples and below ground subsamples. Patchy distribution of sporangia and mycelia 

prevailed at the surface, while below ground subsamples were more often randomly 

distributed with single or a few hyphae and less sporangia. 

4.2 Differences in fungal structure between 

study sites and vegetation types 

The relation of texture and structural features of fungi with study site on one hand and with 

vegetation type on the other was assessed (Appendix table 1 and 2). In both cases, only 

texture, volume of medium hyphae and spore volume were significantly different (p<0.05). 

Other variables were far from being significant except for hyphae within plants had a 

p=0.088 for vegetation types but was not significant. 
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The volume of hyphae within plants correlated with the interaction of depth and vegetation 

type (table 3.6 and figure 3.20). Boreal moss snowbed communities and areas with 

Anthelia, Icelandic lava field lichen heaths and moss showed a difference in hyphal 

volume within plants being more common at the surface (0 mm). Icelandic Racomitrium 

ericoides heaths had less hyphal volume within plants at 5 mm depth than 0 an 20 mm. 

The unknown vegetation type (from Skjaldbreiður) did not show a significant difference. 

Medium hyphae had a higher volume at study site 3 (Landmannaleið) but only at 5 mm 

depth (figure 3.22). Although the volume of medium hyphae were significantly different 

and affected by the interaction between depth and vegetation type (table 3.6) this is not the 

case when vegetation type is nested within study site (table 3.6). Therefore, this difference 

in volume of medium hyphae between vegetation types is probably caused by the study 

sites. 

Spores were found to be significantly different both between vegetation types and study 

sites (table 3.6) but this difference is mostly caused by a high amount of spores at 

Skjaldbreiður (unkown vegetation type at study site 1) (figure 3.24).  

Texture was found to be significantly different both between vegetation types and study 

sites (Appendix, table 1, 2). However, study sites could not be used in the model (pp.66-

67, table 3.7) due to NANs produced but when run separately vegetation type had a much 

larger effect on texture then study sites. Vegetation types 2, 3 and 5 almost only had a 

coarse texture, with only one subsample muddy and one mixed compared to 34 coarse 

textures (Appendix table 2). 

In general, fungal biomass was not very different between study sites or vegetation types. 

The volume of spores was by far the highest for Skjaldbreiður but more even for other sites 

and the volume of medium hyphae only had large deviation for 5 mm depth at study site 3. 

Hyphal volume within plants was the only fungal feature that showed a difference for 

many vegetation types. The biocrust texture was also interestingly different between all 

vegetation types but this is not a fungal feature.  
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4.3 Fungal composition in biocrust 

Interestingly, there was a difference in the fungal composition between upper and lower 

samples supporting the difference in the structure between depths in biocrust. Ascomycota 

fungi were found to be very dominant (93-95%) in upper samples but Basidiomycota 

became more pronounced in the lower samples although Ascomycota were still dominant 

(table 3.9). Ascomycota orders were very dominant in upper samples (figures 3.25, 3.26). 

In the lower samples, orders within Ascomycota, Basidiomycota and zygomycete fungi 

were most prominent (figure 3.27 and figure 3.28). 

The Icelandic liverwort-based biocrust is no exception in the dominance of Ascomycota 

fungi that have repeatedly been found pronounced in biocrusts worldwide (Abed et al., 

2013; Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 2010; Bates et al., 2012; 

Bates, Nash, et al., 2010; Zhang et al., 2018).  

The orders Helotiales and Chaetothyriales were the most abundant in the upper samples 

(figure 3.25, 3.26). Eurotiales, Hypocreales and Verrucariales were rather abundant as 

well. For the lower samples this differed between the two, where the most abundant order 

in one was Agaricales (Basidiomycota) (figure 3.27) and in the other it was Helotiales 

(Ascomycota) (figure 3.28). Eurotiales and Hypocreales were abundant and in similar 

proportions in both samples. 

Pleosporales and Hypocreales within Ascomycota and Mortierellales within zygomycete 

fungi have been found to be widely distributed and often abundant within biocrust (Abed 

et al., 2013; Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 2010; Bates, Nash, 

et al., 2010; Biological soil crusts: an organizing principle in drylands, 2016, pp. 89-90). 

These orders were found present in all samples (figure 3.25-3.28). Pleosporales had 2-3% 

reads for all samples. Hypocreales had 4-8% reads for all samples. Their proportion was 

higher in lower samples but their amounts were way higher in the upper samples (9334-

19065 reads) than in the lower samples (693-2053 reads). Mortierellales (194-997 reads) 

was present in all samples but of the zygomycete orders Mucorales (279-1226 reads) was 

more abundant for all samples but one. 
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The most abundant genera in the upper samples were Exophiala, Phialocephala, 

Pseudogymnoascus, Aspergillus, Endocarpon and Oidiodendron (figure 3.29). In the lower 

samples the fungal amount was a lot lower but Pseudogymnoascus, Phialocephala, 

Aspergillus, Serendipita and Fusarium were the most abundant (figure 3.30). Fusarium 

was abundant as well in the upper samples but Serendipita had less than 2000 reads in the 

upper samples. 

The most common genera found so far in biocrust, Alternaria and Acremonium (Abed et 

al., 2013; Bates & Garcia-Pichel, 2009; Bates, Garcia-Pichel, et al., 2010; Bates, Nash, et 

al., 2010; Biological soil crusts: an organizing principle in drylands, 2016, p. 90; Grishkan 

& Kidron, 2013) were found present in all samples but were not abundant and had less 

than 500 reads for upper samples and less than 50 reads for lower samples. Phoma was 

also found present in three upper samples but with only 1-3 reads. Cryptococcus, 

Humicola, Heteroplacidium, Mortierella, Fusarium and Endocarpon have been found to 

be common in biocrust (Abed et al., 2013; Bates, Garcia-Pichel, et al., 2010; Bates, Nash, 

et al., 2010; Zhang et al., 2018). Cryptococcus, Humicola and Hetereoplacidium were all 

present but not abundant. Mortierella was among the top genera in one of the lower 

samples with 366 reads. In the other lower sample it had less than 200 reads. Mortierella 

had less than 1000 reads for all upper samples. Among genera found to be abundant in 

other biocrust studies Fusarium and Endocarpon were the only ones among the top genera 

found in these samples. Aspergillus, Penicillium and Aureobasidium were among the top 

genera and they have been found to be present in biocrust before as well (Bates, Garcia-

Pichel, et al., 2010). 
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5 Conclusions 

Differences in fungal structure and composition between depths in biological soil crusts 

have been determined. The biocrust revealed a higher amount of fungi in surface samples 

where large hyphae, sporangia and fungi within plants were more abundant than at 5 mm 

and 20 mm depth (table 3.4, 3.6). Further, the composition of fungal groups differed 

between upper (above 5 mm) and lower samples (below 5 mm) (table 3.9). Ascomycota 

fungi were dominant in both while their proportion was higher in the upper samples. 

Proportionately, Basidiomycota had a higher proportion in lower samples although their 

amount was less then in the upper samples. The most abundant genera were Exophiala, 

Phialocephala and Pseudogymnoascus (figure 3.29) which have not been found among the 

most abundant genera in other biocrusts. It would be interesting to see if these fungi are 

present and abundant in icelandic soil as well but soil fungi in Iceland have yet to be 

studied. Further, no comparisons with biocrust fungi in the arctic region could be made 

since this is the first study on biocrust fungi in the arctic region.  
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Appendix 

Table 1: Texture of biocrust and structural features of fungi (on or inside plants, distribution, 

hyphal volume (µm3) (not within plants), hyphal volume (µm3) (within plants), spores volume 

(µm3), Sporangial volume (µm3), volume of small hyphae (µm3), volume of medium hyphae (µm3) 

and volume of large hyphae (µm3)) are shown in relation to study site. For categorical variables 

both number of subsamples (n) and proportion (%) are shown for each category within variable 

and p-values are from chi-squared tests. For continuous variables mean and standard deviation 

(sd) is shown and p-values are from one-way ANOVAs. * stands for statistically significant. 

 

 Study site  P values 

1 (close to 

Þingvellir) 2 (Skaftártunga) 3 

(Landmannaleið)  

Variables Group N=24 N=36 N=24  

 

Texture (n(%)) 

coarse 
14 (58.3) 29 (80.6) 9 (37.5) 

 

0.014* 
mixed 7 (29.2) 3 (8.3) 10 (41.7) 

muddy 3 (12.5) 4 (11.1) 5 (20.8) 

On or inside plants 

(n(%)) 

yes 11 (45.8) 18 (50.0) 15 (62.5)  

0.477 no 13 (54.2) 18 (50.0) 9 (37.5) 

 

Distribution (n(%)) 

no 5 (20.8) 6 (16.7) 8 (33.3) 
 

0.644 
patchy dumped 8 (33.3) 11 (30.6) 6 (25.0) 

random 11 (45.8) 19 (52.8) 10 (41.7) 

Hyphal volume (µm
3
) (not within plants) 

(mean (sd)) 21,036 (13,629) 19,601 (10,967) 418,743 

(1,886,934) 0.266 

Hyphal volume (µm
3
) (within plants) (mean 

(sd)) 
1227,054 

(2,073,598) 
908,745 

(2,295,581) 
1,138,570 

(2,787,399) 0.866 

Spores volume (µm
3
) (mean (sd)) 66,863 (161,333) 6,531 (11,143) 6,333 (7,701) 0.019* 

Sporangial volume (µm
3
) (mean (sd)) 3,598 (11,584) 7,485 (24,268) 1,320 (2,922) 0.377 

Volume of small hyphae (µm
3
) (mean (sd)) 5,086 (3,362) 4,869 (2,580) 395,235 

(1,890,195) 0.282 

Volume of medium hyphae (µm
3
) (mean 

(sd)) 8,629 (6,633) 6,901 (6,693) 14,849 (13,950) 0.006* 

Volume of large hyphae (µm
3
) (mean (sd)) 7,321 (8,342) 7,831 (9,549) 8,659 (9,407) 0.878 
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Table 2: Texture of biocrust and structural features of fungi (on or inside plants, distribution, 

hyphal volume (µm3) (not within plants), hyphal volume (µm3) (within plants), spores volume 

(µm3), Sporangial volume (µm3), volume of small hyphae (µm3), volume of medium hyphae (µm3) 

and volume of large hyphae (µm3)) are shown in relation to vegetation type. Vegetation types are 

1) Boreal moss snowbed communities (EUNIS E4.115) and areas with Anthelia, 2) Icelandic 

Racomitrium ericoides heaths (EUNIS E4.26), 3) Icelandic lava field lichen heaths (EUNIS 

E4.241), 4) moss, and 5) unknown. For categorical variables both number of subsamples (n) and 

proportion (%) are shown for each category within variable and p-values are from chi-squared 

tests. For continuous variables mean and standard deviation (sd) is shown and p-values are from 

one-way ANOVAs. * stands for statistically significant. 

 

Vegetation type P values 

1 2 3 4 5  

Variables Group N=36 N=12 N=12 N=12 N=12  

 

Texture (n(%)) 

coarse 
15 (41.7) 11 (91.7) 11 (91.7) 

3 (25.0) 12 (100.0) 
 

<0.001* 
mixed 11 (30.6) 0 (0.0) 1 (8.3) 8 (66.7) 0 (0.0) 

muddy 10 (27.8) 1 (8.3) 0 (0.0) 1 (8.3) 0 (0.0) 

On or inside 

plants (n(%)) 

yes 21 (58.3) 6 (50.0) 7 (58.3) 6 (50.0) 4 (33.3)  

0.648 no 15 (41.7) 6 (50.0) 5 (41.7) 6 (50.0) 8 (66.7) 

 

Distribution 

(n(%)) 

no 11 (30.6) 1 (8.3) 2 (16.7) 3 (25.0) 2 (16.7) 

 

0.908 

patchy 

dumped 10 (27.8) 4 (33.3) 4 (33.3) 3 (25.0) 4 (33.3) 

random 15 (41.7) 7 (58.3) 6 (50.0) 6 (50.0) 6 (50.0) 

Hyphal volume (µm
3
) (not 

within plants) (mean (sd)) 
24,074 

(13,670) 
20,485 

(13,241) 13,547 (5,760) 805,206 

(2,668,090) 
26,905 

(11,807) 0.185 

Hyphal volume (µm
3
) (within 

plants) (mean (sd)) 
307,387 

(637,712) 
951,200 

(1,532,417) 
1,638,340 

(3,623,777) 
2,023,823 

(3,793,899) 
1,921,959 

(2,632,353) 0.088 

Spores volume (µm
3
) (mean 

(sd)) 8,639 (17,032) 9,806 (17,937) 2,594 (2,234) 4,750 

(5,282) 
122,917 

(216,293) 0.001* 

Sporangial volume (µm
3
) (mean 

(sd)) 5,387 (17,534) 1,745 (6,046) 12,539 (32,974) 1,175 

(2,912) 
671 (2,326) 

0.402 

Volume of small hyphae (µm
3
) 

(mean (sd)) 7,486 (9,835) 4,242 (3,350) 4,769 (2,714) 777,372 

(2,674,252) 
6,406 

(3,868) 0.200 

Volume of medium hyphae 

(µm
3
) (mean (sd)) 8,095 (8,404) 8,509 (8,614) 5,495 (6,457) 18,052 

(15,493) 
11,321 

(6,206) 0.012* 

Volume of large hyphae (µm
3
) 

(mean (sd)) 8,493 (9,837) 7,734 (9,988) 3,283 (4,709) 9,781 

(11,530) 
9,178 

(5,463) 0.411 
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Table 3: Amount (in reads) and proportions within sample of total fungi and fungal phyla are 

shown in relation to sample collection period for upper samples. Mean and standard deviation is 

shown for all variables and p-values are from one-way ANOVAs. None are statistically 

significant.  

 

Sample collection period P values 

May September  

Variables N=2 N=2  

Total amount of fungi (mean (sd)) 
276,716 

(54,688) 
280,369 

(97,969) 
0.967 

Ascomycota amount (mean (sd)) 
260,429 

(54,094) 
265,112 

(95,709) 
0.957 

Basidiomycota amount (mean (sd)) 11,461 (900) 9,996 (1,539) 0.365 

Zygomycete fungi amount (mean (sd)) 1,763 (244) 1,998 (111) 0.341 

Chytridiomycota amount (mean (sd)) 425 (26) 354 (32) 0.135 

Other phyla amount (mean (sd)) 2,640 (89) 2,910 (800) 0.682 

Ascomycota proportion (mean (sd)) 0.94 (0.01) 0.94 (0.01) 0.784 

Basidiomycota proportion (mean (sd)) 0.04 (0.01) 0.04 (0.01) 0.516 

Zygomycete fungi proportion (mean 

(sd)) 
0.01 (0.00) 0.01 (0.00) 0.725 

Chytridiomycota proportion (mean (sd)) 0.00 (0.00) 0.00 (0.00) 0.504 

Other phyla proportion (mean (sd)) 0.01 (0.00) 0.01 (0.00) 0.698 
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Figure 1: Fungal orders present in an upper biocrust sample taken in September (sampling area 

same as sample 1). The figure shows proportions of 92 orders present in the sample, thereof 46 

were Ascomycota orders and Basidiomycota were 32.  Bar chart (Other 13%) contains orders with 

less then 1% reads. 
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Figure 2: Fungal orders present in an upper biocrust sample taken in September (sampling area 

same as sample 2). The figure shows proportions of  87 orders present in the sample, thereof 46 

were Ascomycota orders and 30 were Basidiomycota orders. Bar chart (Other 14%) contains 

orders with less then 1% reads. 

 


