
D
epartm

ent of  E
cology and N

atural R
esource M

anagem
ent�

M
aster T

hesis 60 credits 2011

Amplicon pyrosequencing of fungal communities 
associated with boreal forest mosses reveals strong 
host and tissue specificity, and no clear response to 
nitrogen enrichment�
             Pyrosekvensering av soppsamfunn assosiert 
med mosar i boreal skog viser sterk verts- og 
vevstypespesifisitet, og liten respons på 
nitrogentilførsel�
 

Marte Jertine Skogen



�



Preface

This work marks the completion of my Master of Science degree in Ecology at Department

of Ecology and Natural Resource Management (INA) at the Norwegian University of Life

Sciences (UMB). This thesis is a part of the program “There is more to the picture than

meets the eye - endophytic fungi in boreal forest bryophytes”, funded by the Norwegian

Research council.

Firstly I would like to thank my supervisors. Thanks to Dr. Marie Davey for open-

ing the door to the exciting world of fungi, and steady guidance through lab work and

analyses. The hours spent at your office have been illuminating and instructive. Thanks

to Prof. Mikael Ohlson for funding and helpful comments on the manuscript. I would

also like to thank Prof. Rune Halvorsen at Norwegian Natural History Museum for

comprehensive answers to the questions of a rookie in gradient analyses and statistical

programming.

Marte Jertine Skogen

Ås 29.07.2011

i



Abstract

The fungal community associated with bryophytes is large and diverse. Despite their

presumed ecological importance, bryophilous fungi are an understudied group, partly

due to their inconspicuous and cryptic nature. The knowledge of fungal community

differences between different bryophyte species and between different types of bryophyte

tissues is meager. Nitrogen can alter the community structure of the boreal forest and

anthropogenic nitrogen deposition over Norway is expected to increase by 10% the next

century. The responses of plant communities to nitrogen enrichment are well documented,

but the reported effects on fungal symbionts are contradictory, and specific results from

bryophilous fungi are lacking.

The aim of this study is to assess the fungal community of two tissue types of three

boreal forest mosses and the effect of nitrogen on this community. Hylocomium splendens,

Pleurozium schreberi and Dicranum scoparium were collected in a boreal spruce forest in

Norway from control and experimental plots established in 2003 that have been fertilized

with 150 kg N ha−1 per year. 454 amplicon pyrosequencing was used to characterize

the fungal communities associated with these mosses and the effects of nitrogen fertil-

ization on community composition and species richness. This also permitted between

hosts and tissue comparisons of the fungal associates, using GNMDS ordination and two

species richness estimators. Amplicon pyrosequencing can detect rare and inconspicuous

species, allowing us to characterize these minute and discreet communities in previously

impossible detail.

A great richness of fungi was detected, including 3300 Operational Taxonomical Units

(OTUs). The communities were dominated by Ascomycota (approximately 70%), fol-

lowed by Basdiomycota (approximately 20%). Chytridiomycota, Glomeromycota and

Zygomycota were detected, but in very low numbers. There was a clear difference in

both species richness and community composition between the hosts. The two tissue

types also differed in community composition and to a smaller degree in species richness.
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Despite these differences there was no divergence detected at higher taxonomic levels

such as phylum and order. There were no clear effects of nitrogen enrichment, as the two

richness estimators showed opposite responses and there was no separation in community

composition.
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Samandrag

Soppsamfunnet i mosar er omfattande og har stor diversitet, men er uanseelege og kryp-

tiske av natur. Dette mangfaldet er lite studert, sjølv om dei er anteke å ha stor betyding

for lågareståande plantar. Det er dessutan derfor liten kunnskap om skilnadar på sopp-

samfunn mellom ulike mosevertar og ulike delar av mosestengelen. Auka nitrogentilførsel

kan endra plantesamfunn i boreal skog, og nitrogen frå menneskeskapte kjelder i Noreg

er venta å auka med 10% dei neste hundre åra. Plantesamfunnresponsen på auka ni-

trogentilførsel er godt dokumentert, men rapportar om effekten på soppsymbiontar er

motstridande, og det finst ikkje studiar om soppar assosiert med mose.

Målet med denne oppggåva var å fastsetja storleiken og samansetjinga av soppsamfun-

net i to vevstypar av tre mosar i boreal skog og undersøkja effekten av nitrogentilførsel på

dette samfunnet. Hylocomium splendens, Pleurozium schreberi og Dicranum scoparium

vart samla i ein boreal granskog i Noreg, i eit felt med kontroll- og eksperimentplott frå

2003. Desse plotta har årleg vore gjødsla med 150 kg N ha−1 årlig. Pyrosekvensering,

GNMDS ordinasjon og to ulike estimatorar av artsrikdom vart nytta for å karakterisera

soppsamfunnet i og på desse mosane og effekten av nitrogen på samfunnsstruktur og

artsrikdom. Dette gjorde det òg mogleg å samanlikna samfunnet i dei ulike moseartane

og vevstypane. Denne teknologien kan påvisa sjeldne og uanseelege artar og beskriva

soppsamfunn på eit detaljnivå som før var umogleg.

Det vart funne stor artsrikdom av sopp, med 3300 operative taksonomiske einingar

(Operational Taxonomical Units, OTU). Ascomycota dominerte (ca. 70%). Basidiomy-

cota utgjorde òg ein stor del (ca. 20%). Chytridiomycota, Glomeromycota og Zygomy-

cota vart funne, men i små kvantum. Det var ein klar skilnad i både artsrikdom og

artssamansetning mellom vertsmosane. Dei to ulike vevstypane (brun og grøn) viste skil-

nad i samansetning, men mindre grad i artsrikdom. Trass i dette var det liten skilnad på

høgare taksonomisk nivå, rekke og orden. Resultata viste ingen klar effekt av nitrogentil-

førsel. Dei to estimatorane gav to ulike svar og ingen skilnad viste seg i artssamansetninga.
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1 Introduction

The symbioses between plants and fungi have a long evolutionary history and may have

been crucial for plant colonization of land (Heckman et al., 2001). Plants analogous to

bryophytes were the first to colonize land, and these are thought to have had a close

association with fungi (Redecker et al., 2000). The shift from water to a terrestrial

environment is believed to have happened between 480 to 460 Mya (Heckman et al.,

2001) a timespan that allows for coevolution to have occurred between bryophytes and

fungi. This is reflected in fungal taxa that are tightly linked to bryophytes, including

about 350 species whose host range is restricted to them (Döbbeler, 2002). Despite

the fact that feather mosses are dominant in the understory of boreal forests worldwide

(Benscoter and Vitt, 2007, DeLuca et al., 2002) and are known to influence the structure

of soil microbial communities (Bach et al., 2009), the fungal community of mosses is

understudied (Davey and Currah, 2006). Furthermore, studies conducted on mycorrhizae

and endophytes of vascular plants may not be transferable to the studies of bryophytes,

as e.g. the decomposition rate of bryophytes are slower (Lang et al., 2009), and the fungal

biomass present is shown to be higher (Davey et al., 2009).

The leaf surfaces and the total aerial part of a plant are termed the phyllosphere

and host a wide range of microorganisms (Whipps et al., 2008). The microorganisms

related to this environment can be epiphytic (growing on the host surface) or endophytic

(growing inside the host) (e.g. Arnold, 2007, Osono, 2007). As epiphyte fungi live on

the surface of the leaf, one can assume that they will be exposed to greater temperature

and moisture fluctuations than endophytes, and they may also be less controlled by

their host. This difference between the environment outside and inside a leaf has been

shown to return a clear difference between epiphytic and endophytic fungal communities

(Santamaría and Bayman, 2005), so to assess the whole fungal community associated

with the moss phyllosphere, both the epi- and endophytes need to be inspected.

There have been recorded large and diverse epiphytic fungal communities on vascu-
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lar plants, but their function is uncertain (Inacio et al., 2002), although they have been

suggested as possible biocontrol agents (Buck et al., 1998). Neither is the ecological role

of fungal endophytes well understood and the diversity of interactions between fungi and

hosts are vast (Rodriguez et al., 2009). A fungal endophyte of vascular plants may have

different ecological functions at different life history stages and in different environments.

The genotype of the fungi may also play an important role in whether they become

parasitic, mutualistic or pathogenetic (Schulz and Boyle, 2005). Their ability to impact

host grazing susceptibility makes the endophytes an important factor in competition be-

tween plants (Clay, 1996). As in vascular plants, fungi associated with mosses can be

pathogens, parasites and mutualists (Davey and Currah, 2006), and they may exhibit

similar behavior and have similar implications for their host plants. Nevertheless, ac-

cording to the differences between bryophytes and vascular plants and the great number

of fungal species restricted to mosses, both the species richness and composition of the

associated fungal community may be different.

Nitrogen is introduced to terrestrial ecosystems naturally through nitrogen fixation,

but during the late 20th century, human production of biologically available nitrogen

became far greater than the natural fixation of nitrogen (Galloway and Cowling, 2002).

The human sources of nitrogen discharged into natural environments are artificial fertil-

izer, fossil fuel and legumes planted for their nitrogen fixating properties (Galloway and

Cowling, 2002). The total deposition of nitrogen over Norway is expected to increase by

about 10% in the next 100 years, with large regional differences (Hole and Engardt, 2008).

Most terrestrial ecosystems are nitrogen limited (Nordin et al., 2005, Tamm, 1991), in-

cluding the boreal forest, making them sensitive to the addition of nitrogen. Results of

fertilization experiments in boreal forests have suggested a shift from a shrub to a grass

dominated understory (Nordin et al., 2005). The effect of fertilization on bryophytes

has been investigated, but the effects on the microbial communities they harbor have

not. For example, Skrindo and Økland (2002) found the quantity of mosses to decrease

in a nitrogen enriched environment, while others have found the bryophyte community
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composition to change while the bryophyte cover did not (Gordon et al., 2001).

The responses of boreal forest fungal communities to increases in nitrogen availability

are not well understood. Nitrogen fertilization may reduce species richness of ectomycor-

rhizal communities (Lilleskov et al., 2002a). However; this change in community structure

may also be due to acidification, rather than fertilization. On the other hand; Ishida and

Nordin (2010a) found no effect of nitrogen fertilizing on ericoid mycorrhizal fungal com-

munities, suggesting different communities respond differently to nitrogen fertilization.

Bryophytes have a high capacity to assimilate inorganic nitrogen through the leaf surface

(Nordin et al., 1998), and despite the suspicion of mosses not being limited by nitro-

gen (Skre and Oechel, 1979), effects of nitrogen enrichment on boreal forest mosses have

been recorded (e.g. Nordin et al., 1998, Skrindo and Økland, 2002). The biomass of the

microbial community of mosses has been shown to change due to atmospheric pollution

including nitrogen dioxide (Meyer et al., 2010a, Meyer et al., 2010b), but the effect on

the composition of this community is uncertain.

It has been demonstrated that great fungal diversity exists within the photosynthetic

tissues of boreal mosses (Kauserud et al., 2008), and the senescent part of mosses are

known to harbor non-mycorrhizal associations with fungi (Carleton and Read, 1991). In

vascular plants, differences in diversity and richness between different tissue types are

found (e.g. Fisher and Petrini, 1990, Verma et al., 2007), yet the knowledge of differences

between fungal communities of tissues of mosses is sparse. There are great structural

differences between the two tissue types which can affect the fungi living within. These

differences are e.g. related to moisture (Bates, 1998), nutrients (Eckstein and Karlsson,

1999), nutrient leaching (Carleton and Read, 1991), weather exposure and age. There is

more fungal biomass in the senescent tissues of mosses than the photosynthetic (Davey et

al., 2009) and there is a horizontal difference in fungal colonization between the different

depths of the litter layer in forests inhabited by feather mosses (Lindahl et al., 2007),

although it is unclear if this difference continues at higher levels. Microscopy studies

indicate that there are higher numbers of fungi associated with the brown than the
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green tissue of mosses (Parke and Linderman, 1980), but this comparison has not been

conducted using molecular tools.

Mosses of different species have different microniches for fungal colonization (Döbbeler,

2002), and harbor different amounts of fungal biomass (Davey et al., 2009). The moss

hosts have e.g. different decomposition rates (Lang et al., 2009) and growth form (Bates,

1998) which could indicate the presence of different microniches. The endophytic commu-

nities of vascular plants are known to have strong host preferences (Arnold et al., 2001),

while the species richness can remain constant (White and Backhouse, 2007). There have

been demonstrated great fungal community differences between moss host species when

only the green tissue has been analyzed (Kauserud et al., 2008), but comparisons of the

community of the whole moss are absent.

The fungi associated with mosses are inconspicuous and cryptic and may be present

at life-stages that are not possible to assign to taxa using morphologic criteria. To

assess the total fungal community, molecular tools are needed. Other studies using high

throughput sequencing to assess fungal communities in soil (Buée et al., 2009) and in the

phyllosphere of trees (Jumpponen and Jones, 2009) have revealed an unexpectedly high

fungal diversity. This may also apply for the phyllosphere of mosses.

The main aim of this study is to assess the fungal community associated with mosses in

boreal Norway spruce forest using pyrosequencing. More specifically my aims are first to

compare the fungal community composition and fungal species richness between nitrogen

fertilized plots and natural environments and secondly between three different moss host

species. I will also make pairwise comparisons of the senescent and photosynthetic part

of the same moss shoots.
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2 Materials and Methods

2.1 Study area

The sampling was conducted in a Norway spruce (Picea abies) forest near Kittilbu

in Gausdal Vestfjell, Norway (61◦10‘north, 09◦90‘east, 816m.a.s.l.). The ground cover

was dominated by Vaccinium myrtillus and common boreal feather mosses (Hylocomium

splendens, Pleurozium schreberi, Polytrichum commune, and Dicranum spp). Mean an-

nual temperature is -0.1 ◦C and mean precipitation is 810 mm annually (retrieved from

www.met.no). The soil is glacial moraine while the rock is conglomerate and sedimentary

breccia (retrieved from www.ngu.no).

2.2 N fertilization experiment and sampling of bryophytes

In a fertilization experiment, nitrogen has been added annually since 2003 to ten

15x15 m experimental plots in the forest at a rate of 150 kg N ha−1 per year. The

fertilizer used was granulated pellets from Yara, YaraMilaTM Fullgjødsel c© 25-2-6, with

24.6% N, 2% P, 6% K, and trace elements. In 2010, when the bryophytes for this study

were sampled, there was a clear visual difference between nitrogen enriched and control

plots (n=10), with a shift towards a more grass dominated forest floor.

The sampling was done in the last week of June 2010. Because bryophytes are known

to respond species-specifically to nitrogen treatments (Nordin et al., 1998) three different

species were chosen for this study, i.e. Hylocomium splendens, Pleurozium schreberi and

Dicranum scoparium. Healthy shoots were selected for analysis. Eight shoots of each

species were collected from three nitrogen treated plots and three control plots, giving a

total of 144 shoots, which in turn were divided into a senescent and photosynthetic part,

resulting in a total of 288 samples. Shoots of each species were collected randomly from

five moss colonies in each plot, and kept frozen until DNA extractions were conducted.

The shoots were rinsed in tap water to remove spruce needles and other debris. To re-

move superficial fungal hyphae and spores adherent to the surface of the moss, they were

5



washed in 0.1% Triton-X, rinsed thoroughly in distilled water, and then finally rinsed in

autoclaved distilled water. The shoots were divided into pairs of green, photosynthetic

and brown, senescent fragments and the individual fragments were placed in Eppendorf

tubes, while keeping track of the green/brown-pairs. After freeze drying, the shoot frag-

ments were pulverized using a Retcsh ball mill (VERDER Group, Netherlands). DNA

was extracted using a modified CTAB-based extraction protocol in accordance to Murray

and Thompson (1980) and Gardes and Bruns (1993) and all extracts were cleaned and

purified using the Wizard c©SV Gel and PCR Clean-Up System (Promega, USA).

2.3 Molecular analyses

The Internal Transcribed Spacer 2 (ITS 2) region of rDNA was amplified for all samples

using a nested PCR approach with a 2720 Thermal Cycler from Applied Biosystems.

The initial PCR amplified the whole ITS region using the fungal specific primer ITS1-F,

and ITS4 (Gardes and Bruns, 1993, White et al., 1990). The second PCR targeted the

ITS2 region using the primers ITS3 and ITS4 (White et al., 1990) and added one of 19

unique, 10 bp tags to each sample to allow sample recognition in downstream analyses

after pyrosequencing.

The reaction volume in the first PCR was 20 μL containing 0.4 units Phusion poly-

merase (Finnzymes Oy, Finland), 0.5 μM of each primer, 1.7μM of dNTP, 1x Phusion

PCR-buffer (Finnzymes Oy, Finland) and 2 μL template (10x dilution). The PCR condi-

tions in the first run were as follows: Initial heating to 98◦C for 30 seconds, denaturation

at 98◦C for 10 seconds, annealing at 53◦C for 20 seconds and extension at 72◦C for 10 sec-

onds repeated 30 times, followed by a 7 minute extension at 72◦C before storage at 4◦C.

Conditions in the second PCR were identical to the first, with the exceptions that the

reaction volume was 20 μL, including 4 μL of template (a 50x dilution of the PCR prod-

uct from the first run), and the denaturing-annealing-extension cycle was repeated only

10 times. The products from the final PCR were cleaned with the Wizard c© SV Gel and

PCR Clean-Up System (Promega, USA) according to the manufacturer’s instructions.
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All PCR products were quantified using a Quant-It TM Kit microplate reader with

PicoGreen c© quantification reagent and equimolar amounts of a subset of samples bearing

each of the 19 unique tags were pooled. They were sequenced on a Roche GS FLX

Titanium Series 454 sequencing platform at the Norwegian High-Throughput Sequencing

Centre (University of Oslo, Oslo, Norway), on a single plate divided into 16 lanes. Of

the 288 samples, 16 were sequenced twice to control the validity of the sequencing (from

now on termed pyrosequencing controls).

2.4 Bioinformatics

A total of 451 987 sequences generated by the pyrosequencing were processed, clustered

and blasted in the CLOTU pipeline (Kumar et al., 2011) (available at www.bioportal.uio.no).

No sequencing errors were allowed the tags, but one error was allowed in both forward

and reverse primers, and those sequences with additional errors in these regions were dis-

carded. Sequences with incompatible tags were removed to eliminate chimeric sequences,

and sequences with one or more ambiguous bases (N‘s) were removed from the dataset.

Sequences shorter than 250 base pairs were also discarded. All homopolymers over 6 base

pairs were collapsed to account for imprecise base-calling of long homopolymers. Adap-

tors and tags were trimmed from the sequences prior to clustering. After the filtering

and trimming steps 376 226 sequences (150 224 unique) were clustered into operational

taxonomical units (OTUs), using the CD-HIT global algorithm at a level of 75% coverage

between sequences and 97% sequence similarity. A total of 6125 OTUs were generated.

The longest sequence from each cluster was compared to the NCBI sequence database

using the BLAST algorithm. Each OTU was assigned to phylum and order when possible.

Singletons (OTUs containing only one sequence read), non-fungal OTUs (snails, grasses

and moss hosts), and the 16 pyrosequencing controls were removed from the dataset. A

GLM of the number of reads versus the number of OTUs indicated a strong correlation

between reads and OTUs, implying insufficient sampling. Samples with fewer than 800

reads were deemed to have insufficient sampling and excluded, and a GLM of the remain-
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ing samples indicated there was no longer a significant correlation between reads and

OTUs (p=0.07). The final matrix included 224 of the 288 samples and 3300 OTUs.

2.5 Statistical analysis

The 16 pyrosequencing controls were pair-wise compared with Jaccard similarity index

(percentage of species shared), Chao Sørensen Raw Abundance-based similarity index,

Chao’s estimator for Chao’s Sørensen Abundance-based similarity index, Chao Sørensen

Raw Incidence-based similarity index and Chao’s estimator for Chao Sørensen Incidence-

based similarity index. Amend et al (2010) showed that within species comparisons of

abundance data from pyrosequencing would be appropriate, but between species compari-

son should be avoided. However, in this case the within species comparisons of abundance

would also be unreliable based on the difference between both the raw similarity indices

and the estimator indices (Table 1). Hence, the incidence data set is used for further

analyses, with the exception of weighted abundance data used in GNMDS ordination.

The indexes were also calculated for species present in more than 66 samples (most com-

mon OTUs/core taxa), which resulted in a higher similarity between controls and for the

20 most common OTUs (Table 1).
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2.6 Species richness

Two estimators for species richness were used: Chao2 and the Ugland approach (Ugland

et al., 2003). Ugland provides a total species curve (T-S curve), which is the semi-log

approximation of the average between several accumulation curves. This curve will not

reach asymptote but it will terminate at a chosen size of total area, in this case the

total number of moss shoots. The chosen end point is the total species richness. This

method takes the heterogeneity between different subareas into account. Both of the

estimators were calculated using the OTU richness, which will from here forth be termed

‘species richness‘. Chao 2 estimate for species richness and species accumulation curves

were calculated using EstimateS (Colwell, 2009). The combined species richness was

estimated for all samples, and also for the nitrogen plots versus the controls, the three

host species, and the brown versus the green part of the shoots. In the Ugland approach

the six experimental plots were used as sub-areas, and species richness was calculated

for 100 000, 1 000 000, and 10 000 000 shoots for the total and for all the categories.

Chi-square tests comparing the nitrogen and control treatments, hosts, and tissue types

were calculated in Excel. The average number of OTUs (the raw counts) in the different

treatments were calculated and tested with a partially nested ANOVA using the aov

function in R (R Development Core Team, 2011).

2.7 Differences in composition

The ordinations were done in R (R Development Core Team, 2011) using the vegan (Ok-

sanen et al., 2011) and MASS (Venables and Ripley, 2002) packages. Global non-metric

multidimensional scaling (GNMDS) (Minchin, 1987) and detrended correspondence anal-

ysis (DCA) (Hill and Gauch, 1980) were performed in parallel to prevent any disruption of

true gradients as recommended by Økland (1996). Correlation analyses were performed

between the parallel GNMDS and DCA axes, and between axes found for different types of

data. All correlation analyses between ordination axes were run by calculating a Kendalls

10



Tau value.

DCA ordinations were run in R using the decorana function in the vegan package with

default options. GNMDS ordinations were run in R using the vegan and MASS packages,

and the functions vegdist, initMDS, isoMDS and postMDS. As the number of reads is a

dubious proxy for number of individuals, the ordinations were run on both incidence data

and abundance data. The abundance data were transformed by weighting so that the

highest number of reads/individuals would be 10 and the lowest would be 1. The trans-

formation allows for the assessment of the effect of species abundance without assuming

the number of individuals in the different OTUs is correct. The number of dimensions

was to begin with set to two, and the dissimilarity index used was Bray-Curtis (which in

the incidence data will be identical to Sørensens index). In order to find the two most

similar solutions the number of individual runs was 300 and the process was stopped after

200 iterations and tolerance was set to 10−7. (Procrustes comparison correlation=0.9783,

p=0.001). For abundance data the two best solutions were identical (Procrustes compar-

ison correlation=0.997, p=0.001). The best solutions for both ordinations were subjected

to varimax rotation by PCA to make the largest part of the variance be on the first axis.

The GNMDS were also run with three and four dimensions to check whether or not

these additional axes would give a better ordination of the data. This was done for

both incidence and transformed abundance data. Correlation analyses were run between

all corresponding GNMDS and DCA axes for both the two, three and four dimensional

GNDMS. The higher dimensional GNMDS were only chosen if the additional axes in-

cluded additional variation. The correlation between incidence base ordinations suggest

that two dimensions are appropriate, while for the transformed abundance data three

dimensions are more suitable (Table 2).

The DCA showed a pronounced tongue effect (Minchin, 1987) in the second axis when

the incidence species matrix was analyzed and a slight tongue effect in the transformed

abundance data. The DCA axis 1 and GNMDS axis 1 were highly correlated, and this

axis is believed to reveal a true gradient structure. The second axes showed weaker

11



Table 2: Kendalls Tau for GNMDS versus DCA (p<0.0001 for all). Bold numbers indi-
cates the chosen number of dimensions

Incidence data Two dimensions Three dimensions Four dimensions
GNMDS 1 vs DCA 1 0.8447 -0.8675 0.8703
GNMDS 2 vs DCA 2 0.3394 -0.3786 -0.3945
GNMDS 3 vs DCA 3 -0.3666 -0.3340
GNMDS 4 vs DCA 4 -0.2777
Transformed abundance data
GNMDS 1 vs DCA 1 0.8443 0.8657 0.8776
GNMDS 2 vs DCA 2 -0.3814 -0.6403 0.6465
GNMDS 3 vs DCA 3 0.1568 -0.1143
GNMDS 4 vs DCA 4 -0.0720

correlation. The GNMDS ordinations were chosen for further analysis because of the

tongue structure in DCA and the apparent lack of flaws in GNMDS ordination diagram.

The ordinations were repeated with taxa present in more than 66 samples to account

for the low similarity between pyrosequencing control samples. Also correlation tests

and procrustes correlation test were performed between the ordination axes of the most

common taxa and all taxa.

The GNMDS scores were tested in two different ways. A partially nested ANOVA was

performed on both GNMDS axes using the aov function in R with nitrogen fertilization,

host species, and tissue type as fixed factors and paired samples nested within exper-

imental plots as random factors (where paired samples are nested within experimental

plot). Additionally, vectors were fitted to the whole ordination using the function envfit

from vegan package in R and tested with 999 permutations.

Both Jaccard and Sørensens similiarity indexes were calculated in EstimateS (Colwell

2009) for each combination of host species and tissue type using the total incidence of

species in each category.
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3 Results

3.1 Taxonomic results

Of the fungal OTUs recovered 72.09 % were Ascomycetes, 23.39 % were Basidiomycetes,

1.42 % were Chytridiomycetes, 1.15 % were Zygomycetes, 0.18 % were Glomeromycetes,

and 1.76 % of them were impossible to assign to any specific phylum (Figure 1). The most

common orders were Helotiales (29.43 %), and Agaricales (6.56 %). 90% of the OTUs

were present in less than 10 % of the samples. The closest BLAST match to the most

abundant OTU was Catenulifera brachyconia (Accession no GU727557 in GenBank). It

included 27 664 reads and was present in 182 of the samples. The second most abundant

OTU was Lecidea cancriformis (Accession no DQ534472 in GenBank). This OTU had

24 524 reads recorded and was present in 188 of the samples. On the other hand, the

most frequent OTU (present in most samples) had only 5161 reads detected (Accession

no HQ335298 in GenBank), and the closest BLAST match was to an ascomycetous fungal

endophyte of unknown order (Table 3).

The fungal community associated with the mosses studied was dominated by as-

comycetes, especially members of the Helotiales, Lecanorales, Chaetothyriales and Hypocre-

ales. Among the basidiomycetes the most common orders were Agaricales, Tremellales,

Atheliales and Sporidiobolales. There were small differences in the taxonomic distribution

of OTUs between the nitrogen-fertilized and the unfertilized plots (Figure 2a), between

the senescent and photosynthetic tissues (Figure 2b) and between the three host species

(Figure 2c). The general taxonomic composition of all of these groups was consistent

with that of the whole moss-associated community.
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Table 3: The 20 most frequent OTUs and their BLAST results from GenBank. Number of
sequences (NR), how many samples they are present in (NS) and the percentage pairwise
sequence identity (SI) are noted. No Hit means that no match was found in GenBank.

OTU Taxonomic affinity Accession No NR NS % similarity
1 Fungal endophyte (Ascomycota) HQ335298 5161 196 93%
2 Lecidea cancriformis DQ534472 24524 188 95%
3 Catenulifera brachyconia GU727557 27664 182 95%
4 Fungal endophyte (Ascomycota) HQ335298 1434 169 94%
5 Ascomycota HM123479 8765 168 94%
6 Cladophialophora sp EU035413 4417 166 96%
7 Rhodotorula sp AM922291 4070 166 98%
8 Helotiales sp FJ196296 6092 161 95%
9 Fungal endophyte (Ascomycota) HQ335303 5006 152 96%
10 Trichoderma viride EU871036 3229 147 97%
11 Ascomycota DQ068342 2520 142 97%
12 Helotiales sp AY465452 6120 140 97%
13 Helotiales sp FJ196296 3374 135 94%
14 Lecidea cancriformis DQ534472 1326 120 96%
15 Ascomycota sp FJ008678 654 118 97%
16 No hit NO HIT 9200 117 -
17 Ascomycota sp FJ008692 389 117 95%
18 Ascomycota HQ335303 2158 116 98%
19 Tylospora sp AJ534922 6823 115 98%
20 Cladophialophora sp. EU139144 3890 114 85%

Figure 1: The taxonomic distribution of OTUs from all samples, the inner circle shows
the distribution of orders, and the outer ring shows the distribution of phyla.
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Figure 2: (a): The taxonomic distribution of OTUs present in nitrogen fertilized versus
control plots, where the colored bars represent the proportion of taxonomic assignations
at order and phylum level. (b): The taxonomic distribution of the OTUs in the pho-
tosynthetic and the senescent tissue where the colored bars represent the proportion of
taxonomic assignations at order and phylum level.
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(c)

Figure 2: (c): The taxonomic distribution of the OTUs in the three host species where
the colored bars represent the proportion of taxonomic assignations at order and phylum
level.

3.2 Species Richness

The average number of OTUs found in the three different treatments showed some differ-

ences, and the difference between nitrogen plots and controls and the three host species

were significant (Figure 3 and Table 4). The sampling rarefaction curve for the whole area

did not reach asymptote (Figure 4a), nor did the curves for the six experimental plots

(Figure 4b). According to the Chao2 species richness estimator, the total species richness

was 3600 OTUs (accumulation curve not shown). There was no significant difference in

species richness between the fertilized and the non-fertilized experimental plots (Chi-test

p=0.326) (Figure 5a). The estimated total species richness was higher in the brown part

of the moss shoots than in the green (Chi-test p=0.005) (Figure 5b). There was a signif-

icant difference between the estimated species richness in Dicranum scoparium and the

species richness in Hylocomium splendens and Pleurozium schreberi (Chi-test p=0.041)

(Figure 5c).
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Figure 3: The average number of OTUs detected for each fertilization treatment, host
species and tissue type. Standard deviations are marked with error bars.

Table 4: Testing the difference between the average number of raw counts of OTUs using
a partially nested ANOVA. Degrees of freedom (Df), Sum of squares (Sum Sq) and Mean
sum of squares (Mean Sq) are noted. Significant p-values are in bold.

Response Factor Df Sum Sq Mean Sq F value p-value
Average number of OTU

Fertilization 1 19298 19298 13.6044 0.0003
Host 2 89680 44840 31.6108 <0.0001
Tissue 1 877 877 0.6185 0.4330
Fertilization:Host 2 2398 1199 0.8452 0.4318
Fertilization:Tissue 1 4226 4226 2.9791 0.0867
Host:Tissue 2 644 322 0.227 0.7972
Fertilization:Host:Tissue 2 1294 647 0.456 0.6348
Residuals 130 184406 1419
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Figure 4: (a) Rarefaction curve for the whole area and (b) for for the six experimental
plots, both calculated by EstimateS.
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Figure 5: (a): Species accumulation curves for the nitrogen fertilized plots (blue) versus
the control (red) plots, based on the Chao 2 estimator of species richness. (b): Species
accumulation curves for the brown versus the green part of the moss shoots, based on the
Chao 2 estimator for species richness. The error bars are standard deviations calculated
in EstimateS for both (a) and (b). 19
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Figure 5: (c): Species accumulation curves for the three host species, Hylocomium splen-
dens (red), Pleurozium schreber i (green), and Dicranum scoparium (blue), based on the
Chao 2 estimator for species richness. The error bars are standard deviations calculated
in EstimateS.

Ugland‘s method for species richness estimation gave higher species richness estimates

than Chao2 for all categories. The total species richness was estimated to 9069 for 100 000

shoots, 11 242 for 1 000 000 shoots, and 13 415 for 10 000 000 shoots. The two estimators

show the same differences in species richness between tissue type and host species, but

opposite difference between nitrogen fertilized and the control plots. Only between host

species did the Ugland approach give a difference of any magnitude. Ugland gave slightly

higher species richness in the control plots than in fertilized plots (Control: Y=934.86x

- 1925, R2=0.9994, Fertilized: 888x - 1584.5, R2=1, (Figure 6a)). There was higher

species richness in the brown than in the green part of the moss (Brown: Y=755.28x

- 994.09, R2=0.9897, Green: Y=744.45x - 1021.2, R2=0.9946, (Figure 6b)), and higher

species richness in Hylocomium splendens and Pleurozium schreberi than in Dicranum
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scoparium (H. splendens: Y=777.55x - 1129.7, R2=0.9919, P. schreberi: Y=709.71x -

974.71, R2=0.9939, D. scoparium: Y=552.44 - 699.17, R2=0.9885, (Figure 6c)).
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(a)

Figure 6: (a): Estimated species richness for 100 000, 1 000 000, and 10 000 000 moss
shoots in the nitrogen (blue) versus the control (red).
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Figure 6: (b): Estimated species richness for 100 000, 1 000 000, and 10 000 000 moss
shoots in the green (green squares) versus the brown part (brown diamonds) of the
moss shoots, and (c): for the three moss hosts Hylocomium splendens (red), Pleurozium
schreberi (green), and Dicranum scoparium (blue).
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3.3 Differences in community composition

The main gradient found in both GNMDS and DCA was separated by host species and

tissue type (Figure 7), while the second gradient in GNMDS contained variation related

to the two different tissue types. The nitrogen fertilized plots did not segregate on any

axes (Figure 8).

The GNMDS ordination was significantly related to the host species (r2=0.3684,

p<0.001, (Figure 7)) and tissue type variables (r2=0.1651, p<0.001, (Figure 7)) when

these parameters were fitted as vectors, while there was no significant relationship be-

tween the ordination and the fitted vector of nitrogen treatment (r2=0.0081, p=0.162,

(Figure 8)). A nested ANOVA shows that there is a significant effect of all three main

factors, on the firs axis (Table 5), but this has to be regarded in the light of the signif-

icant interaction between the effects of fertilization and tissue type and host and tissue

(Interaction plot provided in Appendix A).

There was high similarity between the ordination based on the presence-absence

species matrix and the ordination based on the transformed abundance of species (ordi-

nation diagram not shown) (Axes 1: Tau=0.9146, axes 2: Tau= -0.7414, p<0.0001 for

both). Still, there were slight differences when vectors were fitted to the ordination. Both

the host species (r2=0.3935, p<0.001) and tissue type variables (r2=0.1751, p<0.001) ex-

plained significant variation in the data when these were fitted as vectors. However,

there was also a marginally significant fit of the fertilization treatment to the ordination

(r2=0.0148, p=0.058). An ANOVA of the abundance data also showed similar structure

to the incidence analysis (Table 2 in Appendix A).

On the first axis the ordination of the most common taxa showed high correlation

with the ordination of all taxa (Tau= 0.8262, p<0.0001). The second axes showed weak

correlation (Tau=-0.3158, p=<0.0001). The procrustes correlation test of the whole or-

dination was high (0.7283 with p=0.001). When vectors were fitted there were also a sig-

nificant difference between all factors (Fertilization: r2=0.0161, p=0.03, Host: r2=0.3277,

p=0.001, Tissue type:r2=0.1087, p=0.001), and the ANOVA showed a similar structure
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Figure 7: GNMDS diagram for incidence data. The triangles are samples from green
shoots and the squares are from brown. The blue symbols are from Dicranum scoparium,
the green are from Pleurozium screberi, and the red are from Hylocomium splendens.
The ellipses represent the 95 % confidence interval for the focal point of each vector, as
calculated with 999 permutations using the envfit function in the vegan package of R.
Focal points of host species are in red and tissue type are in blue.

on the first axis, but also found significant differences on fertilization but not on tissue

type on the second axis (Anova table, ordination diagrams and Procrustes error diagram

provided in Appendix A). This similarity of results was taken as an indication of the full

dataset analyses were robust and all further discussion is of the full dataset.

The two similarity indexes showed differences of similar magnitude (Table 6), with the

greatest difference being between the green part of Hylocomium splendens, and the brown
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Figure 8: GNMDS diagram for incidence data. The blue squares are shoots from the
nitrogen enriched plots and the red are from control plots. The black ellipses represent
the 95 % confidence interval for the focal point of the vector, as calculated with 999
permutations using the envfit function in the vegan package of R.

part of Dicranum scoparium and the greatest similarity being within the host species.

The D. scoparium had greatest difference between the brown and the green part of the

shoot, and H. splendens had least difference between the tissue types.
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Table 5: Testing the difference between the incidence ordination results on the two GN-
MDS axes using a partially nested ANOVA. Degrees of freedom (Df), Sum of squares
(Sum Sq) and Mean sum of squares (Mean Sq) are noted. Significant p-values are in
bold.

Response Factor Df Sum Sq Mean Sq F value p-value
GNMDS axis 1

Fertilization 1 0.0945 0.0945 6.3108 0.0132
Host 2 4.3439 2.17194 145.0502 <0.0001
Tissue 1 0.1974 0.19744 13.1855 0.0004
Fertilization:Host 2 0.035 0.01752 1.17 0.3136
Fertilization:Tissue 1 0.0748 0.07478 4.9938 0.0271
Host:Tissue 2 0.0949 0.04743 3.1676 0.0454
Fertilization:Host:Tissue 2 0.0242 0.01212 0.8093 0.4474
Residuals 130 1.9466 0.01497

GNMDS axis 1
Fertilization 1 0.02178 0.02178 1.4286 0.2342
Host 2 0.92856 0.46428 30.4476 <0.0001
Tissue 1 0.08721 0.08721 5.7194 0.0182
Fertilization:Host 2 0.00248 0.00124 0.0814 0.9217
Fertilization:Tissue 1 0.01494 0.01494 0.98 0.3240
Host:Tissue 2 0.02968 0.01484 0.9731 0.3806
Fertilization:Host:Tissue 2 0.01158 0.00579 0.3797 0.6848
Residuals 130 1.9823 0.01525

4 Discussion

4.1 Richness of Fungal Communities

A total of 3300 different fungal OTUs were found in this study (See electronic appendix),

which is a large number compared to the roughly 350 that are described as strictly

bryophilous species (Döbbeler, 2002). It is probable that a great number of these OTUs

are species that are ubiquitously present throughout the plant kingdom, e.g. the Sebaci-

nales have recently been shown to be universally distributed plant-associates (Weiß et

al., 2011). Additionally, as a mutually dependent relationship between host and fungi is

unlikely in natural environments due to the variability in selective forces (Saikkonen et

al., 2004), many of the associated fungi will not be specific to mosses. Many of the fungi

detected are probably cosmopolitan species, hence not all will have intimate association
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Table 6: Testing the difference between the incidence ordination results on the two GN-
MDS axes using a partially nested ANOVA. Degrees of freedom (Df), Sum of squares
(Sum Sq) and Mean sum of squares (Mean Sq) are noted. Significant p-values are in
bold.

Jaccard index HS brown HS green PS brown PS green DS brown DS green
HS brown 1 - - - - -
HS green 0.456 1 - - - -
PS brown 0.408 0.352 1 - - -
PS green 0.372 0.408 0.395 1 - -
DS brown 0.312 0.211 0.316 0.226 1 -
DS green 0.309 00.32 0.315 0.337 0.314 1
Sørensen Classic
HS brown 1 - - - - -
HS green 0.626 1 - - - -
PS brown 0.579 0.52 1 - - -
PS green 0.542 0.58 0.567 1 - -
DS brown 0.475 0.348 0.48 0.369 1 -
DS green 0.472 0.485 0.479 0.504 0.504 1

with their host. This is exemplified by the 3300 OTUs found in this study versus the 350

species found exclusively on bryophytes (Döbbeler, 2002). The great number of fungal

OTUs nevertheless confirms prior claims (Kauserud et al., 2008) that there is a great

species richness associated with mosses.

The taxonomic distribution of OTUs within the moss-associated fungal communities

is similar to that found by others (Kauserud et al., 2008), with most fungi belonging to

Ascomycota. However, members of the Glomeromycota and Chytridiomycota were also

found. Glomalean fungi are present as mycorrhizae in most land plants (Read et al.,

2000), and they are capable of colonizing bryophytes (Parke and Linderman, 1980, Iqbal

et al., 1988). There is, however, no evidence for a relationship of a nutrient transmitting

nature between bryophytes and glomalean fungi (Davey and Currah, 2006). One can

only speculate what their function is and if they have any positive effect on the moss

host. It has been shown that mycorrhizae can transfer leached nutrients from senescent

moss tissues to plant roots (Carleton and Read, 1991), although in the present study I

can’t demonstrate if these fungi are present as random spores or as functional hyphae.
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Additionally, Parke and Lidermann (1980) conclude that the relationship between the

moss and the glomalean fungi is not mutualistic. The soil chytrid community has been

shown to be higher in soils covered by bryophytes than those where bryophytes are absent

(Letcher and Powell, 2002), although the potential of bryophytes as hosts for chytrids

has not been investigated in any great detail. The close physical proximity between

mosses and soil, the increase in Chytridiomycota in soils under bryophyte cover, and

the detection of the Chytridiomycota in my study suggests chytrids may represent a

previously unknown contributor to the fungal diversity associated with mosses.

The two species richness estimators applied to the dataset, Chao 2 and the Ugland

approach, yielded very different estimates. The heterogeneity of fungal communities on

small scales has been well documented (Genney et al., 2006) and is accounted for in the

Ugland approach (Ugland et al., 2003). But as this method is based on linear regression,

the challenge of setting an appropriate endpoint is considerable. The end point is to

reflect the total area, or in this case the total number of moss shoots. If the size of a

single moss shoot is considered to be about 2.5 cm2, the moss covers approximately 75 %

of a plot size of 225 m2 the total number of moss shoots in all experimental plots will be

about 4 million. To account for the inherent inaccuracy and variation in estimating shoot

size and percent coverage, the graphs presented show a range from 100 000 to 10 million

shoots. Additionally, local spatial turnover may not reflect turnover on a larger spatial

scale (Peay et al., 2008), and the Ugland method was developed for subtidal marine

environments (Ugland et al., 2003), and may not be transferable to the microbes of land

plants, both factors that may render the Ugland method inappropriate for use with my

data. On the other hand, while the Chao 2 estimator is not based on linear calculations

and does not require selection of an endpoint, it may greatly underestimate the total

species richness, as it does not take the heterogeneity into account. As such, it is difficult

to get a truly accurate measure of total species richness, and the estimators generated

for our data are best used for comparisons between fertilization treatments, hosts, and

tissue types.
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Regardless of the extrapolation method employed, the fungal species richness detected

in the phyllosphere is greater in mosses than in what has been reported for vascular plants

using the same sequencing technology (Jumpponen et al., 2010). Even the sheer numbers

of OTUs found are in a different order of magnitude than what has so far been found in

vascular plants (e.g. Jumpponen et al., 2010, Jumpponen and Jones, 2010). This pattern

also holds true for the fungal biomass (Davey et al., 2009) associated with mosses, which

adds to the postulation that the fungal communities of mosses are not only richer, they

are also more diverse. Mosses lack a cuticle and roots, have thin leaves, and have a

slower active conduction than vascular plants which may make them more vulnerable

to the attack of pathogens (Cuming, 2009). Despite their highly active defenses against

pathogens (Cuming, 2009), my results suggest mosses host a high number of endo- and

epiphytic fungi. Moreover, mosses have a slower decomposition rate than vascular plants

(Lang et al., 2009) which suggests the fungal community may be slower growing with a

higher rate of species recruitment and accumulation.

4.2 Differences between host species

Both the raw and estimated richness and species composition were significantly different

between the three host species, with Hylocomium splendens and Pleurozium schreberi

having similar and higher estimated species richness than Dicranum scoparium. The

same pattern was also present in the ordination, with the two pleurocarpous mosses

being separated from the acrocarpous moss, yet there was also a clear difference between

H. splendens, and P. shreberi. This is consistent with the finding of Kauserud et al.

(2008) that very few fungal species were shared between P. shreberi and H. splendens.

On the other hand, the fungal biomass does not differ significantly between those two

hosts (Davey et al., 2009), and the overall taxonomic composition of the communities

was similar between the three hosts, both on phylum and order levels. As the community

differences were detected at the OTU level, community composition will from now on

refer to differences on this level.
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The moss hosts have different anatomical structures and growth forms, therefore of-

fering different microniches for fungal colonization (Döbbeler, 2002). H. splendens and

P. schreberi are more related and have the same growth form. These two grow in wefts,

while D. scoparium grows in turfs (Bates, 1998). Moreover, H. splendens and P. schreberi

are the only mosses known to harbor the nitrogen fixating Nostoc bacteria (Zackrisson et

al., 2009). It is therefore hard to reveal which of these factors, if any, are responsible for

the higher similarity in community composition between H. splendens and P. shreberi.

The rate of litter decomposition is reported to be significantly higher in P. schreberi,

than in H. splendens, while Dicranum spp. have intermediate decomposition rates (Lang

et al., 2009). A higher decomposition rate of litter could mean that nutrients are more

available in P. schreberi than in H. splendens, or that the higher turnover rate causes

greater small scale disturbances in the microhabitats associated with this species. If these

assumptions are true, it could explain the higher species richness in P. schreberi and the

overall differences in fungal species composition in the three hosts. On the other hand, the

lack of consistency between the patterns in decomposition (P. shreberi > Dicraum spp.

> H. splendens) with the patterns of species richness found in this study (H. splendens

> P. shreberi > D. scoparium) suggests that this may be only one of many contributing

factors to the differences observed in the fungal communities between the three hosts.

Mosses are found to have species specific responses to nitrogen enrichment experiments

(Gordon et al., 2001), with D. scoparium decreasing under higher nitrogen contents.

Skrindo and Økland (2002) also found most mosses (including D. scoparium) to decrease

more than P. schreberi. It would therefore be expected that the fungal associates would

show a similar differences in their responses. However, I found no significant interaction

between host and nitrogen addition, in either the ANOVA performed on the ordination

results or the average number of OTUs.
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4.3 Differences between the two tissue types

Even though there is a physical connection between the green, photosynthetic and the

brown, senescent parts of the shoots, there was a clear difference in fungal species com-

position, and to a smaller degree in estimated species richness, between the two micro-

habitats. This is also supported by other studies. For example, Parke and Lindermann

(1980) found greater numbers of fungi related to the senescent portion of the moss using

microscopy. It has also been reported that significantly higher amounts of fungal biomass

are in the brown versus the green tissues of mosses (Davey et al., 2009). On the other

hand, the raw counts of OTUs showed no significant difference. As with the host species,

there was similar overall taxonomic composition between the two tissue types at higher

taxonomic levels; differences were only found on the species (OTU) level.

The different parts of a moss shoot may have very different nutrient content (Eckstein

and Karlsson, 1999), which may be reflected in the size and structure of the associated

fungal community. However, Eckstein and Karlsson (1999), also found the newest shoots

to acquire a substantial amount of nitrogen from older part of the moss individual. The

lower and senescent parts of the moss shoot are believed to have storage functions (Skre et

al., 1983, Eckstein and Karlsson, 1999), and have a different structure than the green part.

These differences may be a factor explaining the differences in community structure of the

bryophilous fungi. However, despite the nutrient content being a plausible explanation,

the effect cannot be construed too strictly, as the nutrient availability also may be dictated

in part by the host.

On the other hand, there is also a difference in amount and what sort of nutrition is

leached from the different parts of the moss shoot, which is relevant as this study does not

discriminate between the endo- end epiphytic communities. The senescent part of moss

shoot has been shown to have a greater leaching of nitrogen and glucose than the green

part, while the green part leached more sucrose (Carleton and Read, 1991). Carleton

and Read (1991) and Parke and Lindermann (1980) found mycorrhizae to colonize the

senescent part more than they did the photosynthetic part, probably because of higher
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nutrient leaching in this part of the moss.

It is not only the nutrient content and availability that can explain the difference

in species richness and species composition. Also the structure of the moss colony can

impact the microenvironment. The deep and senescent part of the moss will keep more

moisture than the outer photosynthetic part (Bates, 1998). The moist part may be

able to sustain a greater fungal activity than the drier and weather exposed outer part.

Furthermore, the brown part of the moss is older than the green, so the fungal community

has had more time for species recruitment, and may be on a different successional stage,

which would give a changed species composition. The brown part of the shoot is in

close connection with the soil, and the great fungal inoculum reservoir in the soil may

contribute to fungal colonization of the brown part more than it does the green. Similarly,

the green parts could to a higher degree be colonized by aerially dispersed spores. The

distinct microhabitats and potential for fungal colonization that arise from these factors

can be a part of the explanation of the dissimilar fungal communities.

There was a greater difference in community composition between the two tissues of

Dicranum scoparium than between the other two species, this was evident in both the

interaction effects in the ANOVA and in the calculated Jaccard and Sørensens indexes.

Growth form could lead to a greater difference between microhabitat in the brown than

in the green part of the shoot, e.g. the moisture content in the brown part of a weft may

dry up faster than the brown part of a turf, while the moisture in green parts are exposed

to dry conditions regardless of growth form. The hosts with greatest taxonomic distance

may also differ most in microhabitat between different tissue types. They may also have

different levels of host protection of nutrients in the green part of the shoot, while the

senescent part will probably be less protected and invariable between hosts.

4.4 Nitrogen effects

The differences between shoots from nitrogen enriched and control plots were small and

in some analyses, contradictory. I can therefore not reasonably conclude that there is an
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effect of nitrogen enrichment on the fungal community of mosses. The two species richness

estimators showed small and opposite differences, and the overall taxonomic composition

was similar at all examined taxonomic levels (phylum, order, OTUs). However, the

raw counts of OTUs showed significantly higher average number of OTUs in the nitrogen

treated plots. The ordination showed no significant difference when the results were tested

with vector fitting, while when tested with ANOVA it showed a significant difference

on the first ordination axis, but not on the second. However, despite being significant

on one axis, this difference is small, making it hard to draw firm conclusions. The

opposing results from the two tests of the ordinations may be due to the vector fitting

simultaneously taking both axes into account, while the ANOVA tests axis by axis and

includes interaction effects. I am therefore unable to conclude that there is a difference

in the fungal community between the nitrogen enriched plots and the controls due to

the two estimators giving opposite results and the separation in the ordination being

small and of varying significance. Nitrogen enrichment can have a dramatic effect on

the quantities of boreal forest mosses (Skrindo and Økland, 2002, but see Gordon et al.,

2001), so an effect on the fungal community of the mosses could also have been expected.

The effect of nitrogen has not been tested on epi- and endophytic communities of mosses,

but studies on other fungal symbionts have found different, not to say opposite, effects

of nitrogen enrichment (e.g. Ishida and Nordin, 2010b, Lilleskov et al., 2002b), which

suggest multiple responses to nitrogen.

There are three possible explanations for the lack of response in the fungal community

to the application of nitrogen: there is no effect of nitrogen on the fungal associates, the

added nitrogen has not reached the fungi, or there is an effect, but it is masked by

other factors. Under the first scenario, the nitrogen enrichment simply may not affect

the fungal community. Bryophytes have a great capacity to accumulate applied nitrogen

(Gordon et al., 2001, Nordin et al., 1998), which may mean that the fungi residing in

and on the mosses are actually not affected by the added nitrogen. The natural fixation

of nitrogen of the Nostoc bacteria in H. splendens and P. shreberi decreases when there
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is more nitrogen added to the environment (DeLuca et al., 2008). This implies that the

nitrogen enrichment could be evened out by the decrease in Nostoc nitrogen fixation, so

that the overall level of available nitrogen may not change in these two hosts. However,

this does not explain the lack of difference in Dicranum scoparium.

On the other hand, it is possible that the additional nitrogen has not reached the

fungi. The fertilizer may have killed the moss shoots or left them unaffected, and as only

healthy moss shoots were collected in this study, the nitrogen enrichment may not have

reached the phyllosphere of the sample shoots. The mode of nitrogen application (pellets

that are dissolved by rain) could have caused the nitrogen to soak into the soil, where it

is easily reached by plant roots but may not be available to mosses. On the other hand,

the soil microbes may be affected by this, and that could again affect the brown parts of

the moss. About half of the nitrogen applied was ammonium, which is the form that is

taken up (for the most part) by mosses (Forsum et al., 2006, Turetsky, 2003), which could

explain the lack of a clear effect. Meyer et al (2010a) found no effect on the moss itself,

but great effects on the biomass of microbial community associated with them, including

fungi. This could lead to the conclusion that the nitrogen applied by pellets actually has

not reached the fungi and is not capable of affecting them. Furthermore, Meyer et al

(2010a) and fertilized with nitrogen solutes, which adds to the suspicion of the nitrogen

applied may not have reached the bryophyte associated fungi.

There is a myriad of effects of nitrogen on the environment, and these may mask

or equalize a possible effect on the bryophilous fungi. Nilsson and Wallander (2003)

found that the fertilization effect on host trees was the determining factor for mycorrhizal

growth, and not the nitrogen working directly on the fungi. The tree growth was probably

also responsible for the decrease of quantities of mosses in a fertilization experiment in

southern Norway (Skrindo and Økland, 2002). This effect on trees may also be responsible

for a possible masking of effects on the fungi associated with the mosses in question. van

der Wal et al. (2005) found that for some moss species the competition for light under

nitrogen enrichment was more important than the direct effect of nitrogen. Nitrogen
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addition can also have an effect on pH (Hallbäcken and Zhang, 1998), and none of these

effects are tested in this study. Additionally, Skre and Oechel (1979) claims that water

availability and not nutrients are the limiting factor of boreal forest mosses, so the hosts

and the communities they support may not respond to the addition of nitrogen. Also,

the shift towards grass dominance in nitrogen enriched environments can be attributed

to parasitic fungi, and not the direct effect of fertilization (Strengbom et al., 2002) which

adds to the complexity of the relationship between fungi and nitrogen.

According to the ANOVA, there were greater differences in OTU composition between

the two tissue types in fertilized plots than in control plots. Gordon et al. (2001)

found mosses to have more photosynthetic tissue at higher nitrogen levels, which could

explain parts of the higher difference. A vigorously growing photosynthesizing tissue

under nitrogen enrichment could create a more different environment from the senescent

tissue, while a normally growing green tissue could be less different from its corresponding

brown tissue. On the contrary, Skre and Oechel (1979) found moss production to be

promoted in sites with low nutrients and more restricted by water. One can also assume

that in the senescent tissue, the added nutrients can be readily available to the fungi, as

the moss host defenses are lowered in dying tissues.

4.5 Methodological considerations

The 454 controls showed a worrying inconsistency in both OTU incidence and abundance.

However, when the same comparison were made with only core taxa (OTUs present in

more than 66 samples), the percentage of species shared was reaching an acceptable level

(between 50 % and 90 % species similarity), and higher levels in Chao Sørensen Raw

Incidence based similarity index, suggesting the core-taxa dataset was appropriate for

comparative analyses between samples. Subsequent multidimensional analyses of the

core taxa dataset showed a high similarity to analyses of the whole dataset. The results

generated were the same, except there was no significant effect of nitrogen addition in the

core taxa ordination. This suggests the results from the complete dataset are trustworthy
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as the ordinations of two data sets were significantly correlated and generated similar

results. The difference in significance of nitrogen treatment adds to the conviction that the

significant effect of nitrogen found on the first GNMDS axis is to be interpreted cautiously,

while the analogous results of tissue type and host species confirms the robustness of this

result.

4.6 Conclusions

There is a clear difference in species composition and richness between different moss

hosts and the different tissues, while the summarized taxonomic gestalt at higher taxo-

nomic ordinals did not show any difference. Despite that bryophytes are often treated

as one functional group, there are differences between species that are reflected in the

fungal community. Even within the same shoots, there are large differences that may

be conditioned by age and structure of the tissue. While the boreal forest as a whole is

nitrogen limited, this may not be the case for the fungal associates of mosses therein as

there was no difference between the nitrogen treated and the control plots in taxonomic

distribution (at any level), species richness or in ordination of species. The bryophilous

fungal species richness is vast and the range of taxonomic affiliations of the detected

OTUs is extensive. To date, the question of why the difference between bryophytes and

vascular plants should yield such a big difference in abundance is open.
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Figure 1: The interaction plot from the ANOVA of GNMDS ordination of incidence data
from all OTUs
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Figure 2: GNMDS diagram for incidence data of the 66 most common OTUs. The
triangles are samples from green shoots and the squares are from brown. The blue
symbols are from Dicranum scoparium, the green are from Pleurozium screberi, and the
red are from Hylocomium splendens. The ellipses represent the 95 % confidence interval
for the focal point of each vector, as calculated with 999 permutations using the envfit
function in the vegan package of R. Focal points of host species are in red and tissue type
are in blue.
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Figure 3: GNMDS diagram for incidence data for the 66 most common OTUs. The blue
squares are shoots from the nitrogen enriched plots and the red are from control plots.
The black ellipses represent the 95 % confidence interval for the focal point of the vector,
as calculated with 999 permutations using the envfit function in the vegan package of R.
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Figure 4: Procrustes diagram for the GNMDS ordination of core species versus all taxa.
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Table 1: Testing the difference between the incidence results of the ordination of taxa
present in more than 66 samples using a partially nested ANOVA. . Degrees of freedom
(Df), Sum of squares (Sum Sq) and Mean sum of squares (Mean Sq) are noted. Significant
p-values are in bold.

Response Factor Df Sum Sq Mean Sq F value p-value
GNMDS axis 1

Fertilization 1 0.0475 0.04753 2.9724 0.0870741
Host 2 3.2921 1.64606 102.9304 <0.0001
Tissue 1 0.2059 0.20589 12.8746 0.0004
Fertilization:Host 2 0.0209 0.01043 0.6521 0.5226703
Fertilization:Tissue 1 0.051 0.05095 3.1861 0.076597
Host:Tissue 2 0.1016 0.05079 3.176 0.0450
Fertilization:Host:Tissue 2 0.0253 0.01263 0.7895 0.4562
Residuals 130 2.079 0.01599

GNMDS axis 1
Fertilization 1 0.17464 0.17464 10.6345 <0.0014
Host 2 1.18392 0.59196 36.0476 <0.0001
Tissue 1 0.00844 0.00844 0.5142 0.4746
Fertilization:Host 2 0.22835 0.11417 6.9527 <0.0014
Fertilization:Tissue 1 0.02951 0.02951 1.7967 0.182446
Host:Tissue 2 0.10378 0.02951 3.1598 <0.0457
Fertilization:Host:Tissue 2 0.06288 0.03144 1.9146 0.151533
Residuals 130 2.1348 0.01642
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Table 2: Testing the difference between the transformed abundance ordination results on
the two GNMDS axes using a partially nested ANOVA. Degrees of freedom (Df), Sum
of squares (Sum Sq) and Mean sum of squares (Mean Sq) are noted. Significant p-values
are in bold.

Response Factor Df Sum Sq Mean Sq F value p-value
GNMDS axis 1

Fertilization 1 0.0960 0.09605 6.9726 0.0093
Host 2 4.4279 2.21396 160.7201 <0.0001
Tissue 1 0.2158 0.21576 15.6627 <0.0001
Fertilization:Host 2 0.0102 0.00511 0.3709 6909
Fertilization:Tissue 1 0.053 0.05302 3.8492 0.0519
Host:Tissue 2 0.1095 0.05476 3.9756 0.0211
Fertilization:Host:Tissue 2 0.0173 0.00866 0.6283 0.5351
Residuals 130 0.0173 0.01378

GNMDS axis 1
Fertilization 1 0.10155 0.10155 8.0204 0.0054
Host 2 0.79816 0.39908 31.5188 <0.0001
Tissue 1 0.09123 0.09123 7.2052 <0.0082
Fertilization:Host 2 0.00636 0.00318 0.2511 0.7783
Fertilization:Tissue 1 0.03302 0.03302 2.6082 0.1087
Host:Tissue 2 0.01553 0.00776 0.6133 0.5431
Fertilization:Host:Tissue 2 0.02146 0.01073 0.8476 0.4308
Residuals 130 1.64602 0.01266
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