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Abstract

Recent studies have revealed an unexpectedly high, cryptic diversity of fungi

associated with boreal forest bryophytes. Forestry practices heavily influence

the boreal forest and fundamentally transform the landscape. However, little is

known about how bryophyte-associated fungal communities are affected by

these large-scale habitat transformations. This study assesses to what degree

bryophyte-associated fungal communities are structured across the forest suc-

cessional stages created by current forestry practices. Shoots of Hylocomium

splendens were collected in Picea abies dominated forests of different ages, and

their associated fungal communities were surveyed by pyrosequencing of ITS2

amplicons. Although community richness, diversity and evenness were rela-

tively stable across the forest types and all were consistently dominated by

ascomycete taxa, there was a marked shift in fungal community composition

between young and old forests. Numerous fungal operational taxonomic units

(OTUs) showed distinct affinities for different forest ages. Spatial structure was

also detected among the sites, suggesting that environmental gradients resulting

from the topography of the study area and dispersal limitations may also sig-

nificantly affect bryophyte-associated fungal community structure. This study

confirms that Hylocomium splendens hosts an immense diversity of fungi and

demonstrates that this community is structured in part by forest age, and as

such is highly influenced by modern forestry practices.

Introduction

In south-east Norway, the forests have been exploited by

large-scale and commercial timber logging over the last

600 years (Frivold, 1999). Numerous water-driven saw

mills were established along rivers and brooks as early as

the 16th century, and the total amount of timber that has

been logged over time in south-east Norwegian forests is

huge (Tveite, 1961; Storaunet et al., 2005). Until the mid-

dle of the 20th century, Norwegian forestry was based on

selective cutting of the most valuable trees (Lie et al.,

2012). Since then it has primarily followed clear-cutting

management regimes in which all trees, regardless of size

and species, are simultaneously cut in a given forest area

(Kuuluvainen et al., 2012; Lundmark et al., 2013). The

long-term and large-scale forestry in this area has resulted

in a fundamental transformation of the forest landscape

(€Ostlund et al., 1997; Hellberg et al., 2009). Natural

ecological disturbance processes have largely been substi-

tuted with man-made forestry practices, including clear-

cutting, planting of nursery produced tree seedlings and

thinning in tree plantations. This has resulted in the con-

temporary Norwegian forest landscape, which is charac-

terized by biologically young stands of pine or spruce

trees that are single-aged and even-sized (Gjerde et al.,

2010). Only about 2% of today’s forest stands in Norway

are older than 160 years (Larsson & Hylen, 2007), and

there is consequently a lack of their associated habitats,

including large living and dead trees, and coarse woody

debris in different decay classes, all of which are known

to play key-roles in sustaining forest biodiversity (e.g.

Berg et al., 1994; Økland et al., 1996; Ohlson et al., 1997;

Lie et al., 2009).

The extensive use of clear-cut logging practices and the

resulting alteration of the boreal forest landscape pose

well-documented threats to biodiversity (Berg et al., 1994;
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Gjerde et al., 2010; K�al�as et al., 2010). As a consequence,

issues related to biodiversity, conservation and forest

management are now of timely and critical concern (e.g.

Ohlson & Tryterud, 1999; Lundstr€om et al., 2011; Timo-

nen et al., 2011; Gamfeldt et al., 2013), and substantial

research has been devoted to evaluating the impact of

modern clear-cut forestry on different groups of organ-

isms. For example, relationships between forestry prac-

tices and the performance of boreal epiphytic lichens

have been documented by Gauslaa et al. (2006, 2007).

Similarly, forestry practices are known to influence birds

(Helle, 1985; Schmiegelow & M€onkk€onen, 2002), wood-

inhabiting fungi and midges (Økland, 1994; Josefsson

et al., 2010), bryophytes (S€oderstr€om, 1988; Hylander &

Jonsson, 2002), beetles (Økland et al., 1996; Jonsell et al.,

2004) and vascular plants (Pyk€al€a, 2007) as well as their

associated mycorrhizal fungi (Jones et al., 2003). Recent

research has identified a surprisingly large, diverse and

unique fungal community associated with boreal bryo-

phytes (Davey & Currah, 2006; Kauserud et al., 2008;

Davey et al., 2009, 2012, 2013a, b) that contributes to

both carbon cycling and nutrient flux (Hobbie et al.,

2000; Gower, 2003; Turetsky, 2003; Lindahl et al., 2007).

Despite the importance of these fungi, there have been no

investigations if and how these fungal communities are

affected by clear-cutting of forests.

Here, we use tag-encoded amplicon pyrosequencing to

detect compositional shifts in bryophyte-associated fungal

communities following clear-cutting of boreal forests.

Our study focuses on a south-east Norwegian spruce

forest landscape and substitutes time with space in a

chronosequence approach to document how bryophyte-

associated fungal communities are affected when old-

growth spruce forests are clear-cut, and whether these

fungal communities change during vegetation succession

from clear-cut areas to densely stocked 60-year–old
production forest stands.

Materials and methods

Study sites and sampling

The focal area of the study was Nordmarka, a large forest

landscape situated north of Oslo in SE Norway (Fig. 1).

The landscape has a varied topography with elevation

ranging from 250 to 700 m above sea level and is charac-

terized by a mosaic of old-growth forests, clear-cut areas

and forest stands in different successional stages following

prior logging events. Nordmarka has an area of about

43 000 ha and despite intensive forestry, some old-growth

forests with very old Norway spruce (Picea abies

L. Karst.) trees (the oldest being > 450 years old) are

Fig. 1. Plots where Hylocomium splendens

shoots were sampled in four different forest

successional stages (newly clear-cut, 2–5 years

old, production forest and old-growth forest).

Inset shows the location of the Nordmarka

focal area in south-eastern Norway.
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found here (Rolstad et al., 1996). Norway spruce is by far

the dominant tree species in the forest landscape, and

some of the old-growth spruce forests in Nordmarka have

not been disturbed by wild-fire during the Holocene

(Tryterud, 2003; Ohlson et al., 2011). Further informa-

tion about climatic conditions, geology and vegetation are

found in the studies of Gauslaa et al. (1998) and Ohlson

& Tryterud (1999).

Bryophyte-associated fungal communities are known to

differ markedly among bryophyte host species (Davey

et al., 2013a). Here, we use a single bryophyte species, Hy-

locomium splendens (Hedw.) B.S.G., to examine the effects

of forestry practices without the confounding effect of

host-specific variation. Hylocomium splendens is abundant

in a broad range of boreal forest types across Europe, Asia

and North America, and the species is well known in

terms of population dynamics (Økland, 1995; Rydgren

et al., 2001) and genetic variation (Cronberg, 2002).

Although there is considerable debate surrounding the

use of chronosequences substituting space for time to

answer questions in ecology, the method can be useful,

particularly in cases where communities are following

convergent successional trajectories and the community

characteristics investigated are expected to be related in a

predictable and temporally linear manner (Walker et al.,

2010). As the forestry practices in the study area promote

a convergent successional trajectory from clear-cutting to

production forests, this study employs a chronosequence

approach. In September 2010, shoots of H. splendens were

sampled from Norway spruce forests representing four dif-

ferent successional stages: recently, clear-cut areas (cut

during the winter 2009/2010), early successional stage

(2–5 years after clear-cutting), production forest stage

(30–60-year-old densely stocked stands) and old forests

(> 100 years old). These successional stages are represen-

tative of the present-day Norwegian forestry practices that

are based on clear-cutting. Sampling plots were established

in six replicates of each successional forest stage. Repli-

cates of each successional forest stage shared similar

ground condition, vegetation composition and exposure.

A minimum distance of 200 m was maintained between

these replicate successional stages (Fig. 1), and each

replicate successional stage was situated in a different forest

stand. Ten 1 m2 sampling plots were established in each

replicate successional forest stage. The presence of

Hylocomium was the key criterion for the spatial location of

the sampling plots, but a minimum distance of 5 m was

maintained between neighbouring plots. The sparse occur-

rence of Hylocomium in one early successional stage forest

did not allow the establishment of 10 plots, and as such, a

total of 239 plots were sampled across the 24 locations.

The uppermost 2 cm of 10 shoots of H. splendens were

collected from each plot, and the resultant 2390 shoot

fragments were cleaned of coarse debris, washed with agi-

tation in 0.01% Triton-X and then rinsed three times in

sterile distilled water. The shoot fragments were pooled

by plot to yield 239 samples that were freeze-dried, pul-

verized using a Retsch ball mill (Retsch, Dusseldorf, Ger-

many) and then stored in 29 cetyltrimethylammonium

bromide (CTAB) extraction buffer at �80 °C until fur-

ther analysis.

Pyrosequencing

Genomic DNA was extracted using a modified CTAB-

based extraction protocol in accordance to Murray &

Thompson (1980) and Gardes & Bruns (1993), and all

extracts were cleaned and purified using the Wizard�SV

Gel and PCR Clean-Up System (Promega). A nested

amplification approach was chosen to minimize the PCR

biases resulting from tag–template interactions that are

inherent in barcoded-primer approaches (Berry et al.,

2011). The internal transcribed spacer 2 (ITS2) region of

rDNA was amplified and tagged as described by Davey

et al. (2012) by first using the fungal-specific primers

ITS1-F and ITS4 (White et al., 1990; Gardes & Bruns,

1993) to amplify the entire ITS region, and then using the

primers ITS3 and ITS4 (White et al., 1990) to target the

ITS2 region. During this second PCR, an emulsion PCR

adaptor and one of 32 unique 10 bp tags were also added

to each sample to allow for individual sample recognition

in downstream analyses after pooling. PCRs were con-

ducted with the conditions given in Davey et al. (2013a).

Amplicons from the second PCR were cleaned and puri-

fied using the Wizard�SV Gel and PCR Clean-Up System

(Promega) according to the manufacturer’s instructions.

Ten samples were randomly selected to evaluate between

lane and between PCR variability in the data set. These 10

samples were included twice in the amplification set-up,

resulting in two differently tagged amplicon libraries for

each sample. One of these two amplicon libraries was also

included in two of the lanes of the 454 plate. All ampli-

cons were quantified and pooled into eight equimolar

libraries, each containing 32 uniquely tagged samples. The

amplicon libraries were subsequently sequenced on a full

plate split into eight lanes using the Roche GS FLX Tita-

nium Series 454 sequencing platform at the Norwegian

High-Throughput Sequencing Centre (University of Oslo,

Oslo, Norway).

Bioinformatics

QIIME v. 1.5.0 (Caporaso et al., 2010) was used to quality-

filter, denoise, and cluster the 698 155 sequences gener-

ated. Reads were discarded if they had length < 250 bp,

an average Phred quality score of less than 25, or errors
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in the tags. Sequences with homopolymers longer than

8 bp, ambiguous base calls (N), and more than one error

in the primer sequence were also filtered from the data

set. In addition, a sliding window of 50 bp in length was

used to identify regions of low sequence quality (average

quality score < 25) and truncate the sequence at the

beginning of the low-quality window. Truncated

sequences of length > 250 bp were retained in the data

set. Tag switching is a known but overlooked problem in

amplicon pyrosequencing (Carlsen et al., 2012), and all

reads with mismatched forward and reverse tags were dis-

carded from the data set. The resulting 551 092 reads

were denoised using DENOISER v. 0.91 (Reeder & Knight,

2010) and clustered into operational taxonomic units

(OTUs), using a 97% similarity threshold and the uclust

algorithm (Edgar, 2010) as implemented in QIIME v. 1.5.0.

To minimize the effects of errors, those OTUs repre-

sented globally by a single sequence were discarded (Ted-

ersoo et al., 2010). The most abundant sequence in each

cluster was designated the representative sequence and

subjected to BLAST searches against the NCBI-nr/nt data-

base (downloaded Feb. 2013). For a broad-scale taxo-

nomic overview, taxonomy was assigned at the level of

order. When the BLAST match with the best bit-score was

to an unclassified or uncultured fungus, the top 10

matches were screened for concordance and if possible,

taxonomy was assigned based on the most parsimonious

lineage among those matches meeting the minimum

thresholds of > 80% sequence similarity and > 50% cov-

erage. All OTUs with BLAST matches to nonfungal organ-

isms were removed, as were those that could not

reliably be identified as fungi (best BLAST match < 80%

sequence similarity or < 50% coverage). Those OTUs

identified as putative chimeras based on the criteria of

both 1) being identified as chimeric by the Perseus algo-

rithm as implemented in mothur v. 1.25.0 (Schloss

et al., 2009) and 2) having a top BLAST match with

< 90% coverage and < 90% identity to a known fungal

sequence, were also removed from the data set. The

resulting OTU table was rarefied to an even sampling

depth of 800 reads per sample. Rarefaction curves for all

forest age classes were calculated using ESTIMATES v. 8.2.0

(Colwell, 2009).

Statistical analyses

Inconsistencies in abundance measures are inherent in

tag-based amplicon pryosequencing approaches (Amend

et al., 2010). To minimize the effect of these inconsisten-

cies, analyses were conducted in parallel on a presence/

absence samples vs. OTUs matrix, and a matrix in which

the number of presences among the 10 plots in each suc-

cessional stage replicate was converted to a proportional

abundance measure for the successional stage replicate.

Global Nonmetric Multidimensional Scaling (GNMDS)

(Kruskal, 1964a, b; Minchin, 1987) and Detrended Corre-

spondence Analysis (DCA) (Hill, 1979; Hill & Gauch,

1980) ordinations were conducted in parallel on both

matrices using the vegan package implemented in R (Ok-

sanen et al., 2011; R Development Core Team, 2011). In

addition, GNMDS ordinations were run on a subset of

the matrix representing those samples for which technical

replicates (sequencing and/or PCR) were conducted to

confirm that inter-sample variation was greater than vari-

ation introduced by PCR and sequencing bias or stochas-

ticity (see Supporting Information, Fig. S1). All GNMDS

were run with the following options [following recom-

mendations by Økland (1996a, b) and Liu et al. (2008)]:

distance measure = Bray–Curtis distance, dimensions = 2

or 3, initial configurations = 100, maximum itera-

tions = 200, convergence ratio for stress = 0.9999999.

DCA analyses were run with default options. Both ordi-

nations were inspected for known artefacts like the arch

effect (in GNMDS) and the tongue effect (in DCA)

(Økland, 1990; Økland & Eilertsen, 1993). Similar results

by the two methods and the absence of visual artefacts

were interpreted as a strong indication that a reliable gra-

dient structure had been found (Økland, 1996a, b). Cor-

relations between DCA and GNMDS axes were calculated

using nonparametric Kendall’s rank correlation coefficient

s (Supporting Information, Table S1). The envfit function

in vegan was used to fit forest successional stage as a fac-

tor-type variable to the GNMDS ordination (represented

by points for each factor level), as well as the north and

east components of the geographic coordinates, the eleva-

tion and minimum time since clear-cutting (represented

by vectors). The goodness-of-fit statistic R2 provided by

envfit is the squared correlation coefficient (r2) which for

factor-type variables is defined as R2 = 1 � ssw/sst,

Where ssw and sst are within-group and total sums of

squares. P-values for the tests that R2 is not larger than

expected of a random factor with the same number of

levels or a random variable of similar length was assessed

by a permutation test (999 permutations; Oksanen et al.,

2011). PERMANOVA was also used to fit the same factors to

the Bray–Curtis distance matrix and the significance of

these fits was assessed across 999 permutations of the

data. The relationship between pairwise Bray–Curtis dis-

similarity and the physical distance between plots (i.e.

spatial autocorrelation) was investigated using the mantel

function in vegan (R Development Core Team, 2013).

Spatial dependency between samples was further investi-

gated by constructing semivariograms in the GEOR package

of R (Ribeiro & Diggle, 2001; Diggle & Ribeiro, 2007)

using the GNMDS first- and second-dimension scores.

To further investigate the effect of forest age, a partial
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canonical correspondence analysis (CCA) (ter Braak,

1986) and variance partitioning were used. The hypothe-

sis that forest age did not explain significant variation in

the data set was tested against the one-tailed alternative

(greater than) by conducting 999 permutations of the

forest age class variable and examining the variation in

the data set remaining after the effects of latitude and

longitude had been partialled out. The relative contribu-

tions to total variance of forest age class and geography

(latitude and longitude) were also calculated both inde-

pendently and in interaction.

Per-forest OTU richness, Shannon diversity and even-

ness were calculated as an average over 100 random rar-

efactions to an even sequencing depth of 11 750 reads

per replicate successional stage. Per-plot OTU richness

was also calculated as an average over 100 random rar-

efactions to an even sequencing depth of 800 reads per

plot. The difference among the four age classes of for-

ests was tested using ANOVA for each of the richness,

diversity and evenness measures. The indicspecies pack-

age in R (de Caceres & Legendre, 2009) was used to

conduct multilevel pattern analysis on two matrices: (1)

a presence/absence OTU-plot matrix including all those

OTUs occurring in more than 10% of plots, and (2) an

OTU-forest replicate matrix in which frequency of each

OTU among the 10 plots in a forest replicate was used

as an abundance measure for that forest. Plots were

grouped by successional stage to identify indicator spe-

cies among the different forest ages and combinations

of forest ages.

Results

Data characteristics

After the filtering and denoising steps, 551 092 reads

were retained from the 698 155 that were originally gen-

erated with an average of 1923 sequences per sample

(range: 0–4616). These were subsequently clustered into

4245 OTUs. After removal of control samples, singletons,

and those OTUs identified as chimeras, hosts, and non-

target organisms and rarefying the entire OTU table to

an even sampling depth of 800 reads per sample (thereby

excluding samples with < 800 reads) the data set

included 2337 OTUs. This final data set encompassed

30% of the reads (Table S2) and included 201 (85%) of

the plots sequenced. Species accumulation curves did not

approach an asymptote in any of the samples or forest

types (Fig. S2), and significant differences in abundance

for individual OTUs were found between multiple PCRs

of the same sample (v2 = 36907.36, P = 0.000), and

sequencing of the same sample in different lanes

(v2 = 15040.89, P = 0.000) (Fig. S3). However, in all

cases, within-sample similarity was greater than between

sample similarity (Fig. S1), and, as such, valid compari-

sons can still be made between samples although abun-

dance measures must be treated with caution due to

sequencing and PCR-associated variation. An average of

129 OTUs (range: 8–205) were detected in each sample.

Each OTU occurred in an average of 11.1 samples (range:

1–198) and contained a mean of 68.8 reads (range: 1–
11 281) with the majority of OTUs having a frequency of

less than 10 (75%) and most containing fewer than 10

reads (60%). OTUs representing 64 orders of fungi were

detected. The fungal communities were dominated by

OTUs belonging to the Ascomycota (48.0% of OTUs,

47.6% of reads), with the Basidiomycota accounting for

an additional 33.2% of OTUs (25.2% of reads). A small

proportion of OTUs (1.1%, 0.6% of reads) were assigned

to the Chytridiomycota, Glomeromycota and Mucormy-

cotina. Dominant orders among the Ascomycota were

the Helotiales, Chaetothyriales, Capnodiales and Rhy-

tismatales. Dominant basidiomycete groups included the

Agaricales, Tremellales and Sporidiobolales (Table 1,

Table S2).

Compositional variation

The GNMDS ordination of the frequency-based matrix

showed structuring by geographic location, replicate and

by forest successional stage in both envfit and PERMANOVA

analyses (Fig. 2, Table 2). Forest successional stages were

divided along the first GNMDS axis, with samples from

newly clear-cut and 2–5 years postclear-cut areas being

associated with low GNMDS1 values, and samples from

30- to 60-year-old and > 100-year-old forests being asso-

ciated with high GNMDS 1 values. Notably, the bryo-

phyte-associated fungal communities in the 30–60-year-
old forest stands and the old-growth forest overlapped to

Table 1. Taxonomic distribution of the fungal community associated

with Hylocomium splendens

% of OTUs % of Reads

Ascomycota 48.0 47.6

Capnodiales 2.0 2.1

Chaetothyriales 5.4 7.9

Helotiales 12.6 11.8

Rhytismatales 1.9 5.0

Basidiomycota 33.2 25.2

Agaricales 11.0 8.8

Sporidiobolales 4.0 2.5

Tremellales 6.4 7.2

Chytridiomycota 0.2 0.3

Glomeromycota < 0.1 < 0.1

Mucormycotina 0.9 0.3

Unassigned 17.8 26.6
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a large degree in composition, while the clear-cut and

young forest sites were more different from each other.

The fungal communities were also structured by their

geographic position, with both the north and east compo-

nents of the geographic coordinates correlating signifi-

cantly to the second GNMDS axis. Accordingly,

significant spatial autocorrelation was observed among

the plots, as evidenced by a strong correlation between

the pairwise Bray–Curtis dissimilarity matrix and a matrix

of geographic distances between plots (Mantel’s R = 0.21,

P = 0.001). Semivariogram analysis found no spatial

structure related to the first GNMDS axis, and spatial

effects at < 700 m in conjunction with the second

GNMDS axis (Fig. S4). In the CCA ordination in which

the effects of latitude and longitude were removed

(accounting for 6.3% of total variation in species compo-

sition), 17.4% of the remaining total variability in species

composition was significantly explained by the effects of

forest age class. This corresponds to P = 0.001 for the test

of the null hypothesis of no relationship. Variance parti-

tioning of the CCA attributes 15.6% of the total variation

to the effects of forest type, 5.5% to geographic factors

and 3.2% to their interactive effects (Fig. S5). Ordination

analyses of the proportional abundance matrix showed

structuring by the same factors as the frequency matrix

(Fig. S6).

Multilevel pattern analysis of the presence/absence

OTU matrix identified a number of OTUs significantly

associated with the different forest successional stages.

Four indicator species were identified for the clear-cuts,

eight for the early successional (2–5-year old) forests, two
for the 30–60-year-old production forests and four for

the old forests. A large number of indicator OTUs were

identified for both the combined clear-cuts and 2–5-year-
old sites (21 OTUs) and the combined 30–60-year old

and old-growth sites (27 OTUs). Other combinations of

forest ages had few associated indicator OTUs (1–5 OTUs).
Those OTUs associated with clear-cuts and 2–5-year-old
sites had best taxonomic assignments to basidiomycetous

yeasts (Cryptococcus, Dioszegia, Tremella) and presumed

ascomycetous decomposers (Cadophora, Fusarium) in addi-

tion to several mycorrhizal taxa (Thelephora, Piloderma).

Meanwhile, those OTUs associated with > 30-year-old

Table 2. Significance of vectors and factors that were fitted to the

GNMDS ordination of the fungal communities associated with

Hylocomium splendens shoots and tested in a PERMANOVA

Factor/vector

envfit PERMANOVA

R2 P-value F R2 P-value

Latitude 0.2703 0.001 4.1845 0.0144 0.001

Longitude 0.2703 0.001 3.1964 0.0189 0.001

Forest

successional

stage

0.4276 0.001 5.5674 0.0502 0.001

Minimum

time since

clear-cut

0.3928 0.001 8.6618 0.0391 0.001

Elevation 0.1003 0.001 1.9090 0.0086 0.002

Replicate 0.7772 0.001 1.5430 0.0070 0.008

GNMDS 1

Clear-cut
2 to 5 years

30 to 60 years

Old

Clear-cut
2 to 5 years

30 to 60 years
Old

CCA 1

C
C

A 
2

G
N

M
D

S2
(a) (b)

Fig. 2. (a) GNMDS ordination of the fungal communities associated with Hylcomium splendens shoots. Each point represents a plot, and point

colour and shape reflects the forest successional stage. Arrows represent the elevation, minimum time since a clear-cut event, and north and east

components of the geographic location of each plot sampled. Stress = 23.550. (b) CCA ordination diagram showing the effect of forest

successional stage after geographic effects have been partialled out.
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sites were more frequently assigned to mycorrhizal fungi,

tree associates (Lophodermium piceae, Rhizosphaera kalkh-

offii, Thysanophora penicilloides) and lichens (Table S3).

Although only 53% of the indicator taxa identified in the

plot-level frequency-based analysis were also among the

153 OTUs identified in the forest-level abundance-based

indicator species analysis, a similar pattern of presumed

functional groups was noted between the two analyses. In

both analyses, OTUs with best matches to yeasts and pre-

sumed decomposers were identified as indicator species

for the clear-cut and 2–5-year-old sites, while those with

assignments to tree associates, mycorrhizal fungi, and

lichens were detected in association with > 30-year-old

sites (Table S4).

Trends in richness, diversity and evenness

Total OTU richness recovered was slightly higher in old-

growth forests and forest patches 2-5 years after a clear-

cut event, but none of the OTU accumulation curves for

the different forestry regimes approached an asymptote

(Fig. S1). Although a weak trend of increasing per-plot

and per-forest replicate OTU richness with increasing time

since clear-cutting was observed, neither trend was statisti-

cally significant (per-forest: P = 0.93, F = 0.136; per-plot:

P = 0.552, F = 0.701). Similarly, Shannon diversity and

Pielou’s evenness did not vary significantly between the

different forest age classes (Shannon: P = 0.778,

F = 0.366; Pielou: P = 0.699, F = 0.483) (Fig. 3).

(a) (b)

(c) (d)

Fig. 3. Box plots showing (a) per-plot and (b) per-forest OTU richness for each of the four forest age classes. Shannon–Wiener diversity indices

(c) and Pielou’s evenness (d) for each of the forest age classes is also shown.
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Discussion

The fungal community recovered in association with

Hylocomium splendens was both taxonomically diverse

and OTU-rich. Despite the high number of moss shoots

analysed in our study (2390) and large number of OTUs

recovered (2337), the OTU accumulation curves indicate

that we did not recover the entire gamma diversity in the

focal area. This is consistent with other research demon-

strating that an immense diversity of fungi are associated

with boreal forest bryophytes (Kauserud et al., 2008;

Davey et al., 2012, 2013a, b) that is greater than was tra-

ditionally expected and is comparable to or exceeds the

diversity of fungal communities associated with vascular

plants (Davey & Currah, 2006; Table S5). Although some

of the diversity captured in association with mosses likely

represents random deposits of inactive spores, the docu-

mentation of host-specific bryophilous fungal communi-

ties (D€obbeler, 2002; Davey et al., 2013a, b) indicates that

biologically active fungi are also present and thriving in

association with moss hosts. The driving factors behind

the high diversity of fungi associated with mosses are not

clear. D€obbeler (2002) highlights that mosses provide

many specialized microniches for fungi, and niche parti-

tioning may increase the diversity of their associated

communities. Alternatively, boreal forest fungi primarily

disperse through the air as microscopic spores (Kauserud

et al., 2005) that settle to the forest floor vegetation

where mosses dominate. While some of these species will

be captured in the community despite being random,

dormant spore deposits, it is highly likely that many of

the spores must germinate among the mosses and grow

on or in the mosses in order to further complete their life

cycle. Moss shoots represent a heterogenous mixture of

photosynthetic, moribund and senescent tissues (Davey

et al., 2009a, b, 2012, 2013a, b), and as such the high

fungal diversity noted here may be due to the moss acting

as both host and substrate for various saprophytic, endo-

phytic and parasitic or pathogenic boreal forest fungi.

Clear-cutting forestry practices have dramatic effects on

the frequency and abundance of both vascular plant and

bryophyte understory species in the boreal forest. Hyloco-

mium splendens is particularly sensitive to clear-cutting

and its biomass, abundance and frequency decrease sub-

stantially following such an event. The species becomes

limited to only the most protected habitats in the clear-

cut area, that is, shaded positions behind stumps, and

moist microhabitats in depressions (Bainbridge & Strong,

2005; Palvainen et al., 2005). Although H. splendens

populations do recover and recolonize forest sites after

clear-cut events, their recovery is slower than most other

feather moss species and takes > 7 years, likely owing to

low colonization and regeneration capacity and sensitivity

to both the light and drought stresses associated with

recently clear-cut habitats (Palvainen et al., 2005). The

composition of Hylocomium-associated fungal communi-

ties clearly varied between the different age classes of for-

est stands, suggesting fungal community turnover was

occurring in the studied chronosequences. In particular,

distinct compositional differences could be observed in

the GNMDS and CCA analyses between the fungal com-

munities associated with Hylocomium growing in forests

< 5 years old and those > 30 years old. While clear com-

positional differences also existed between the communi-

ties inhabiting the newly clear-cut and 2–5-year-old
forests, the compositional differences observed between

30–60-year-old production forests and old growth, > 100-

year-old forests were minimal, indicating that the Hyloco-

mium-associated fungal community recovers to a stable

state within 30 years after a clear-cut event. Changes in

community composition across chronosequences cannot

reliably be interpreted as facilitative succession across

time and instead likely represent communities structured

primarily by local environmental factors (Walker et al.,

2010). As such, the turnover observed in the Hylocomi-

um-associated fungal communities along the chronose-

quence investigated may be driven by changes in those

environmental factors impacting the host’s condition (i.e.

light and drought stresses) associated with each of the

forest age classes, rather than temporal succession in

which the establishment of some species facilitates the

establishment of others. The rapid, dramatic community

changes in response to clear-cut events, followed by at

least partial recovery to a semi-natural state observed here

is well documented among other organismal groups (i.e.

Niemel€a et al., 1993; Halpern & Spies, 1995; Koivula

et al., 2002; Bainbridge & Strong, 2005; Dynesius &

Hylander, 2007; Hynes & Germida, 2012; Sato et al.,

2014), including among saprophytic fungi and mycorrhi-

zal fungi (Jones et al., 2003; Durall et al., 2006; Moore-

Kucera & Dick, 2008; L~ohmus, 2011). Like their host, Hy-

locomium-associated fungal communities, although sensi-

tive to forestry practices, are robust and have the

potential to recover following a major disturbance in the

boreal forest ecosystem. The resilience of this community

may reflect adaptation to the natural, large-scale distur-

bance regime in the boreal forest that is related to recur-

ring wild fires (Zackrisson, 1977; Bonan & Shugart, 1989).

Indicator species analysis of presence/absence data

identified a small number of OTUs that occurred more

frequently in each of the age classes of the forest stands

investigated. OTUs associated with the newly clear-cut

and early successional stage forests were primarily

assigned to basidiomycetous yeasts and presumed sapro-

trophic fungal taxa. As the Hylocomium in recently clear-

cut locations was visibly stressed and to some degree
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chlorotic, it is assumed that the identification of sapro-

trophic fungi as indicator species of these stand age clas-

ses is related to the poor condition of the host. In

addition, several OTUs with best matches to ectomycor-

rhizal taxa (Thelephora and Piloderma) were identified as

indicator species for areas < 5 years postclear-cutting.

Both Thelephora and Piloderma are common mycorrhizal

species that persist in or quickly recolonize clear-cut areas

(Jones et al., 2003; Durall et al., 2006). Given that ecto-

mycorrhizal fungi are known to colonize moss as sub-

strates and transfer nutrients leached from them to their

host species (Carleton & Read, 1991), it seems likely that

the stressed Hylocomium present in clear-cut localities are

more susceptible to exploitation as a substrate by mycor-

rhizal fungi. Among those OTUs identified as indicator

species for the > 30-year-old forests were a number that

had affiliations to genera known to be endophytes, sapro-

phytes or parasites of trees and woody shrubs (Lophoder-

mium, Gnomonia, Cryptococcus, Exobasidium, Strobilurus),

and their preference for older forests is likely a function

of the succession that occurs in the vegetation as clear-

cut areas gradually become reforested. Davey et al. (2010)

proposed that understory mosses may act as an inoculum

reservoir for opportunistic tree pathogens, and our detec-

tion of these taxa suggests that this role may extend to

further functional groups of organisms.

A positive correlation between forest age and species

richness and diversity has been documented for a num-

ber of organismal groups including epiphytic lichens,

bryophytes, and saproxylic fungi and insects and the

increased diversity in older forests is often attributed to

the presence of numerous microhabitats and habitat con-

tinuity that allows for the persistence of rare, specialist

taxa (Paillet et al., 2010). Although a slight trend of

increasing Hylocomium-associated fungal community

richness with increasing forest age was observed, it was

not statistically significant (P > 0.05). Similarly, both the

Shannon diversity index and Pielou’s evenness index

were constant and showed no statistically significant var-

iation (P > 0.05) across the four stand age classes. The

environmental variation that is common in older forests

and increases total niche richness would have little effect

on the number of available niches on a single moss host,

which may explain the lack of variation in OTU richness

among Hylocomium-associated fungal communities

across the chronosequence. Additionally, mosses are

known to host a diverse fungal community including

saprotrophs, endophytes, parasites and pathogens, and

while environmental stressors (i.e. high solar radiation,

drought stress) may cause some members of the fungal

community to decline, it is likely that other species (i.e.

generalist saprotrophs, opportunistic pathogens) will

replace them, resulting in no net change to the total

richness, diversity and evenness of the fungal community

hosted by the moss.

In addition to forest successional stage, latitudinal, lon-

gitudinal and topographical variation across the 2500 ha

study area structured the variation within the fungal

community composition at both the plot and forest lev-

els. The observed geographic structuring likely reflects the

local environmental gradients in the area, including varia-

tion in duration of snow cover related to elevation,

which co-varies with latitude and longitude within the

study area. Although the community composition struc-

ture associated with stand age class is also likely associ-

ated with local environmental variation, the effects of

stand age and geography (latitude, longitude, elevation)

were largely decoupled, and stand age independently

accounted for a significant proportion of the total varia-

tion (15.6%). The observed variation across stand age

classes is therefore most likely attributed to environmen-

tal factors that change across stand age class (i.e. light

and moisture availability) rather than with location or

elevation. More focused investigations of environmental

factors on both the local and landscape scale are needed

to determine those specific environmental factors affect-

ing the community composition of Hylocomium-associ-

ated fungi.

Conclusions

This is a pioneering study focusing on how boreal bryo-

phyte-associated fungal communities are affected by the

current forestry practice of clear-cutting and the resulting

establishment of new forest stands. A diverse and species

rich fungal community was associated with Hylocomium

splendens at all stages in the investigated chronosequence.

Community composition varied among forest stand age

classes, as well as with geographic and topographic fac-

tors. It is hypothesized that variation in environmental

factors associated with stand age class, geography and

topography (i.e. light, moisture, snow cover) are responsi-

ble for the observed variation in community composition.

Although clear-cut events affected the fungal community

composition associated with H. splendens, total commu-

nity richness, diversity and evenness varied little between

stand age classes. Each forest age class hosted a number

of indicator species, with primarily saprotrophic species

occurring more frequently in forests < 5 years old and

primarily shrub- and tree-associated endophytes and par-

asites occurring in forests > 30 years old. The fungal

community associated with H. splendens was robust and

recovered from clear-cut events in < 30 years, suggesting

that Hylocomium-associated fungal communities are

dynamic, and current forestry production practices are

sufficient to allow recovery of the community.

FEMS Microbiol Ecol 90 (2014) 313–325 ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

Forestry impacts on bryophyte-associated fungi 321



Acknowledgements

Gjermund Andersen contributed to locating forests in the

appropriate successional stages, BioFokus conducted field

sampling, and Løvenskiold is acknowledged for allowing

transport by car and sampling in Nordmarka, Anders

Bjørnsgaard Aas and Marte Jertine Skogen are acknowl-

edged for conducting lab work. Financial support for this

research was provided by the Research Council of Norway

via the Miljø 2015 program.

References

Amend AS, Seifert KA & Bruns TD (2010) Quantifying

microbial communities with 454 pyrosequencing: does read

abundance count? Mol Ecol 19: 5555–5565.
Bainbridge EL & Strong WL (2005) Pinus contorta understory

vegetation dynamics following clear cutting in west-central

Alberta, Canada. For Ecol Manage 213: 133–150.
Berg A, Ehnstr€om B, Gustafsson L, Hallingb€ack T, Jonsell M &

Weslin J (1994) Threatened plant, animal, and fungus

species in Swedish forests: distribution and habitat

associations. Conserv Biol 8: 718–731.
Berry D, ben Mahfoudh K, Wagner M & Loy A (2011) Barcoded

primers used in multiplex amplicon pyrosequencing bias

amplification. Appl Environ Microbiol 77: 7846–7849.
Bonan GB & Shugart HH (1989) Environmental factors and

ecological processes in boreal forests. Annu Rev Ecol Syst 20:

1–28.
Caporaso JG, Kuczynski J, Stombaugh J et al. (2010) QIIME

allows analysis of high-throughput community sequencing

data. Nat Methods 7: 335–336.
Carleton TJ & Read DJ (1991) Ectomycorrhizas and nutrient

transfer in conifer-feather moss ecosystems. Can J Bot 69:

778–785.
Carlsen T, Aas AB, Lindner D, Vr�alstad T, Schumacher T &

Kauserud H (2012) Don’t make a mista(g)ke: is tag

switching an overlooked source of error in amplicon

pyrosequencing studies? Fungal Ecol 5: 747–749.
Colwell RK (2009) EstimateS: Statistical estimation of species

richness and shared species from samples. Version 8.2.

User’s Guide and application published at: http://purl.oclc.

org/estimates.

Cronberg N (2002) Colonization and dynamics of the clonal

moss Hylocomium splendens on islands in a Baltic land

uplift area: reproduction, genet distribution and genetic

variation. J Ecol 90: 925–935.
Davey ML & Currah RS (2006) Interactions between mosses

(Bryophyta) and fungi. Can J Bot 84: 1509–1519.
Davey ML, Nybakken L, Kauserud H & Ohlson M (2009)

Fungal biomass in the phyllosphere of bryophytes and

vascular plants. Mycol Res 113: 1254–1260.
Davey ML, Tsuneda A & Currah RS (2010) Saprobic and

parasitic interactions of Coniochaeta velutina with mosses.

Botany 88: 258–265.

Davey ML, Heegard E, Halvorsen R, Ohlson M & Kauserud H

(2012) Seasonal trends in the biomass and structure of

bryophyte-associated fungal communities explored by 454

pyrosequencing. New Phytol 195: 844–856.
Davey ML, Heegaard E, Halvorsen R, Kauserud H & Ohlson

M (2013a) Amplicon pyrosequencing based detection of

compositional shifts in bryophyte-associated fungal

communities along an elevation gradient. Mol Ecol 22:

368–383.
Davey ML, Heimdal R, Ohlson M & Kauserud H (2013b)

Host- and tissue-specificity of moss-associated Galerina and

Mycena determined from amplicon pyrosequencing data.

Fungal Ecol 6: 179–186.
de Caceres M & Legendre P (2009) Associations between

species and groups of sites: indices and statistical inference.

Ecology 90: 3566–3574.
Diggle PJ & Ribeiro PJ Jr (2007) Model Based Geostatistics.

Springer, New York, NY.

D€obbeler P (2002) Microniches occupied by brophilous

ascomycetes. Nova Hedwigia 75: 275–306.
Durall DM, Gamiet S, Simard SW, Kudrna L & Sakakibara SM

(2006) Effects of clear cut logging and tree species

composition on the diversity and community composition

of epigeous fruit bodies formed by ectomycorrhizal fungi.

Can J Bot 84: 966–980.
Dynesius M & Hylander K (2007) Resilience of bryophyte

communities to clear-cutting of boreal stream-side forests.

Biol Conserv 135: 423–434.
Edgar RC (2010) Search and clustering orders of magnitude

faster than BLAST. Bioinformatics 26: 2460–2461.
Frivold LH (1999) Skoghistorie i Norge. Skogs- och

lantbrukshistoriska meddelanden 22: 207–236 (in

Norwegian).

Gamfeldt L, Sn€all T, Bagchi R et al. (2013) Higher levels of

multiple ecosystem services are found in forests with more

species. Nat Commun 4: Article Number 1340.

Gardes M & Bruns T (1993) ITS primers with enhanced

specificity for basidiomycetes-application to the identification

of mycorrhizae and rusts. Mol Ecol 2: 113–118.
Gauslaa Y, Ohlson M & Rolstad J (1998) Fine-scale

distribution of the epiphytic lichen Usnea longissima on two

even-aged neighbouring Picea abies trees. J Veg Sci 9:

95–102.
Gauslaa Y, Lie M, Solhaug KA & Ohlson M (2006) Growth

and ecophysiological acclimation of the foliose lichen

Lobaria pulmonaria in forests with contrasting light

climates. Oecologia 147: 406–416.
Gauslaa Y, Palmqvist K, Solhaug KA, Holien H, Hilmo O,

Nybakken L, Myhre LC & Ohlson M (2007) Growth of

epiphytic old forest lichens across climatic and successional

gradients. Can J For Res 37: 1832–1845.
Gjerde I, Brandsrud TE, Ohlson M & Ødegaard F (2010)

Woodland. Environmental Conditions and Impacts for Red

List Species (K�al�as JA, Henriksen S, Skjelseth S & Viken �A,

eds), pp. 67–78. Norwegian Biodiversity Information Centre,

Trondheim, Norway.

FEMS Microbiol Ecol 90 (2014) 313–325ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

322 M.L. Davey et al.



Gower ST (2003) Patterns and mechanisms of the forest

carbon cycle. Annu Rev Environ Resour 28: 169–204.
Halpern CB & Spies TA (1995) Plant species diversity in

natural and managed forests of the Pacific Northwest. Ecol

Appl 5: 913–934.
Hellberg E, Josefsson T & €Ostlund L (2009) The

transformation of a Norway spruce dominated landscape

since pre-industrial times in northern Sweden: the influence

of modern forest management on forest structure. Silva

Fennica 43: 783–797.
Helle P (1985) Effects of forest regeneration on the structure of

bird communities in northern Finland. Ecography 8: 120–132.
Hill MO (1979) DECORANA – A FORTRAN Program for

Detrended Correspondence Analysis and Reciprocal Averaging.

Cornell University, New York, NY, USA.

Hill MO & Gauch HG Jr (1980) Detrended correspondence

analysis: an improved ordination technique. Vegetatio 42:

47–58.
Hobbie SE, Schimel JP, Trumbore SE & Randerson JR (2000)

Controls over carbon storage in high-latitude soils. Glob

Change Biol 6: S196–S210.
Hylander K & Jonsson BG (2002) Evaluating buffer strips

along boreal streams using bryophytes as indicators. Ecol

Appl 12: 797–806.
Hynes HM & Germida JJ (2012) A chronosequential approach

to investigating microbial community shifts following

clearcutting in Boreal Plain forest soils. Can J For Res 42:

2078–2089.
Jones MD, Durall DM & Cairney JWG (2003) Ectomycorrhizal

fungal communities in young forest stands regenerating

after clearcut logging. New Phytol 157: 399–422.
Jonsell M, Nitterus K & Stigh€all K (2004) Saproxylic beetles in

natural and man-made deciduous high stumps retained for

conservation. Biol Conserv 118: 163–173.
Josefsson T, Olsson J & €Ostlund L (2010) Linking forest

history and conservation efforts: long-term impact of

low-intensity timber harvest on forest structure and

wood-inhabiting fungi in northern Sweden. Biol Conserv

143: 1803–1811.
K�al�as JA, Viken�A, Henriksen S & Skjelseth S (2010) The 2010

Norwegian Red List for Species. Norwegian Biodiversity

Information Center, Trondheim, Norway.

Kauserud H, Lie M, Stensrud Ø & Ohlson M (2005)

Molecular characterisation of airborne fungal spores in

boreal forests of contrasting human disturbance. Mycologia

97: 1215–1224.
Kauserud H, Mathiesen C & Ohlson M (2008) High diversity

of fungi associated with living parts of boreal forest

bryophytes. Botany 86: 1326–1333.
Koivula M, Kukkonen J & Niemel€a J (2002) Boreal

carabid-beetle (Coleoptera, Carabidae) assemblages along

the clear-cut originated succession gradient. Biodivers

Conserv 11: 1269–1288.
Kruskal JB (1964a) Multidimensional scaling optimizing

goodness of fit to a nonmetric hypothesis. Psychometrika 29:

1–27.

Kruskal JB (1964b) Nonmetric multidimensional scaling: a

numerical method. Psychometrika 29: 115–129.
Kuuluvainen T, Tahvonen O & Aakala T (2012) Even-aged

and uneven-aged forest management in boreal

Fennoscandia: a review. Ambio 41: 720–737.
Larsson JY & Hylen G (2007) Statistics of Forest Conditions and

Forest Resources in Norway. Viten fra Skog og landskap 1/07

Norwegian Forest and Landscape Institute, �As, Norway.

Lie MH, Arup U, Grytnes J-A & Ohlson M (2009) The

importance of host tree age, size and growth rate as

determinants of epiphytic lichen diversity in boreal spruce

forests. Biodivers Conserv 18: 3579–3596.
Lie MH, Josefsson T, Storaunet KO & Ohlson M (2012) A

refined view on the “Green lie”: forest structure and

composition succeeding early twentieth century selective

logging in SE Norway. Scand J For Res 27: 270–284.
Lindahl BD, Ihrmark K, Boberg J, Trumbore SE, H€ogberg P,

Stenlid J & Finlay RD (2007) Spatial separation of litter

decomposition and mycorrhizal nitrogen uptake in a boreal

forest. New Phytol 173: 611–620.
Liu HY, Økland T, Halvorsen R, Gao JX, Liu QR, Eilertsen O

& Bratli H (2008) Gradient analyses of forests ground

vegetation and its relationships to environmental variables

in five subtropical forest areas, S and SW China.

Sommerfeltia 32: 1–196.
L~ohmus A (2011) Silviculture as a disturbance regime: the

effects of clear-cutting, planting, and thinning on polypore

communities in mixed forests. J For Res 16: 194–202.
Lundmark H, Josefsson T & €Ostlund L (2013) The history of

clear-cutting in northern Sweden – driving forces and myths

in boreal silviculture. For Ecol Manage 307: 112–122.
Lundstr€om J, €Ohman K, Perhans K, R€onnqvist M &

Gustafsson L (2011) Cost-effective age structure and

geographical distribution of boreal forest reserves. J Appl

Ecol 48: 133–142.
Minchin PR (1987) An evaluation of the relative robustness of

techniques for ecological ordination. Vegetatio 69: 89–107.
Moore-Kucera J & Dick RP (2008) PLFA profiling of

microbial community structure and seasonal shifts in soils

of a Douglas-fir chronosequence. Microb Ecol 55: 500–511.
Murray M & Thompson W (1980) Rapid isolation of high

molecular weight plant DNA. Nucleic Acids Res 8: 4321.

Niemel€a J, Langor D & Spence JR (1993) Effects of clear-cut

harvesting on boreal ground-beetle assemblages (Coleoptera:

Carabidae) in Western Canada. Conserv Biol 7: 551–561.
Ohlson M & Tryterud E (1999) Long-term spruce forest

continuity – a challenge for a sustainable Scandinavian

forestry. For Ecol Manage 124: 27–34.
Ohlson M, S€oderstr€om L, H€ornberg G, Zackrisson O &

Hermansson J (1997) Habitat qualities versus long-term

continuity as determinants of biodiversity in old-growth

boreal swamp forests. Biol Conserv 81: 221–231.
Ohlson M, Brown KJ, Birks HJB, Grytnes J-A, H€ornberg G,

Niklasson M, Sepp€a H & Bradshaw RHW (2011) Invasion

of Norway spruce diversifies the fire regime in boreal

European forests. J Ecol 99: 395–403.

FEMS Microbiol Ecol 90 (2014) 313–325 ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

Forestry impacts on bryophyte-associated fungi 323



Økland RH (1990) Vegetation ecology: theory, methods and

applications with reference to Fennoscandia. Sommerfeltia

(Suppl 1): S1–S233.
Økland B (1994) Mycetophilidae (Diptera), an insect group

vulnerable to forestry practices – a comparison of clear-cut,

managed and seminatural spruce forests in southern

Norway. Biodivers Conserv 3: 68–85.
Økland RH (1995) Population biology of the clonal moss

Hylocomium splendens in Norwegian boreal spruce forests. 1.

Demography. J Ecol 83: 697–712.
Økland RH (1996a) Are ordination and constrained

ordination alternative or complementary strategies in

general ecological studies? J Veg Sci 7: 289–292.
Økland T (1996b) Vegetation-environment relationships of

boreal spruce forest in ten monitoring reference areas in

Norway. Sommerfeltia 22: 1–349.
Økland RH & Eilertsen O (1993) Vegetation-environment

relationships of boreal coniferous forests in the Solhomfjell

area, Gjerstad, S Norway. Sommerfeltia 16: 1–254.
Økland B, Bakke A, H�agvar S & Kvamme T (1996) What

factors influence the diversity of saproxylic beetles? A

multiscaled study from a spruce forest in southern Norway.

Biodivers Conserv 5: 75–100.
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,

O’Hara RB, Simpson GL, Solymos P, Stevens MHH &

Wagner H (2011) vegan: Community Ecology Package. R

package version 2.0-0. http://CRAN.R-project.org/

package=vegan.
€Ostlund L, Zackrisson O & Axelsson L (1997) The history

and transformation of a Scandinavian boreal forest

landscape since the 19th century. Can J For Res 27: 1198–
1206.

Paillet Y, Berges L & Hjalten J et al. (2010) Biodiversity

differences between managed and unmanged forests:

meta-analysis of species richness in Europe. Conserv Biol

24: 101–112.
Palvainen M, Finer L, Mannerkoski H, Piirainen S & Starr M

(2005) Responses of vegetation species to clear-cutting in a

boreal forest: aboveground biomass and nutrient contents

during the first 7 years. Ecol Res 20: 652–660.
Pyk€al€a J (2007) Implementation of forest act habitats in

Finland: does it protect the right habitats for threatened

species? For Ecol Manage 242: 281–287.
R Development Core Team (2013) R: A Language and

Environment for Statistical Computing. R Foundation for

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,

URL http://www.R-project.org/.

Reeder J & Knight R (2010) Rapidly denoising pyrosequencing

amplicon reads by exploiting rank-abundance distributions.

Nat Methods 7: 668–669.
Ribeiro PJ Jr & Diggle PJ (2001) geoR: a package for

geostatistical analysis. R-NEWS 1: 15–18.
Rolstad J, Rolstad E & Groven R (1996) Nordens eldste gran?

Blyttia 54: 7–8 (in Norwegian).

Rydgren K, de Kroon H, Økland RH & van Groenendael J

(2001) Effects of fine-scale disturbances on the demography

of and population dynamics of the clonal moss Hylocomium

splendens. J Ecol 89: 395–405.
Sato T, Watanabe K, Fukushima K & Tokuchi N (2014)

Parasites and forest chronosequence: long-term recovery of

nematomorph parasites after clear-cut logging. For Ecol

Manage 314: 166–171.
Schloss PD, Westcott SL, Ryabin T et al. (2009) Introducing

mothur: open-source, platform-independent,

community-supported software for describing and

comparing microbial communities. Appl Environ Microbiol

75: 7537–7541.
Schmiegelow FKA & M€onkk€onen M (2002) Habitat loss and

fragmentation in dynamic landscapes: avian perspectives

from the boreal forest. Ecol Appl 12: 375–389.
S€oderstr€om L (1988) Occurrence of epixylic bryophyte and

lichen species in an old natural and managed forest stand in

northeast Sweden. Biol Conserv 45: 169–178.
Storaunet KO, Rolstad J, Gjerde I & Gundersen VS (2005)

Historical logging, productivity, and structural

characteristics of boreal coniferous forests in Norway. Silva

Fennica 39: 429–442.
Tedersoo L, Nilsson RH, Abarenkov K, Jairus T, Sadam A,

Saar I, Bahram M, Bechem E, Chuyuong G & K~oljalg U

(2010) 454 Pyrosequencing and Sanger sequencing of

tropical mycorrhizal fungi provide similar results but reveal

substantial methodological biases. New Phytol 188: 291–301.
ter Braak CFJ (1986) Canonical correspondence analysis: a new

eigenvector technique for multivariate direct gradient

analysis. Ecology 67: 1167–1179.
Timonen J, Gustafsson L, Kotiaho JS & M€onkk€onen M (2011)

Hotspots in cold climate: conservation value of woodland

key habitats in boreal forests. Biol Conserv 144: 2061–2067.
Tryterud E (2003) Forest fire in Norway: from fire-disturbed

pine forests to fire-free spruce forests. Ecography 26: 161–
170.

Turetsky MR (2003) The role of bryophytes in carbon and

nitrogen cycling. Bryologist 106: 395–409.
Tveite S (1961) Engelsk-norsk Trelasthandel 1640–1710.

Universitetsforlaget, Oslo (in Norwegian with English

summary).

Walker LR, Wardle DA, Bardgett RD & Clarkson BD (2010)

The use of chronosequences in studies of ecological

succession and soil development. J Ecol 98: 725–736.
White TJ, Bruns T, Lee S & Taylor JW (1990) Amplification

and direct sequencing of fungal ribosomal RNA genes for

phylogenetics. PCR Protocols: A Guide to Methods and

Applications (Innis MA, Gelfand DH, Sninsky JJ & White

TJ, eds), pp. 315–322, Academic Press Inc., New York, USA.

Zackrisson O (1977) Influence of forest fires on the North

Swedish boreal forest. Oikos 29: 22–32.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

FEMS Microbiol Ecol 90 (2014) 313–325ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

324 M.L. Davey et al.



Fig. S1. GNMDS ordination diagram showing variation

between samples for which technical replicates of PCR

(triangles) or sequencing (squares) were conducted.

Fig. S2. Accumulation curves for each of the forest

classes.

Fig. S3. Plots of standardized residuals for OTU abun-

dances for the same biological sample that was sequenced

from replicate PCR amplifications (A) or the same PCR

amplification in different lanes of the 454 plate(B). Each

plot represents data from a total of ten samples.

Fig. S4. Semivariograms showing the relationship between

distance between plots and scores on GNMDS axis 1 (A)

and GNMDS axis 2 (B).

Fig. S5. Venn diagram of variance partitioning of the

CCA analysis showing the relative contribution of geo-

graphic effects (latitude, longitude, elevation), forest age

class, and their interactive effects.

Fig. S6. GNMDS (A) and CCA (B) ordinations based on

forest-level abundance matrix.

Table S1. Kendall’s Tau correlation tests between DCA

and GNMDS axes for GNMDS ordination run in two

dimensions.

Table S2. Taxonomic affinity, frequency, and abundance

of fungal OTUs detected in association with Hylocomium

splendens shoots.

Table S3. Taxonomic affiliations of those indicator spe-

cies identified for individual forest successional stages and

all combinations of groupings of stages.

Table S4. Indicator species identified from analysis of for-

est-level abundance dataset.

Table S5. Comparison of fungal OTU richness observed in

Hylocomium splendens with other pyrosequencing studies

of fungi associated with vascular and non-vascular plants.
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