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A B S T R A C T

Interactions between Norway spruce trees and bacteria and fungi in nutrient limited boreal forests can be
beneficial for tree growth and fitness. Tree-level effects of anthropogenic nutrient addition have been well
studied, however understanding of the long-term effects on the associated microbiota is limited. Here, we report
on the sensitivity of microbial community composition to the growing season and nutrient additions. High-
throughput sequencing of the bacterial 16S rRNA gene and fungal ITS1 region was used to characterise changes
in the microbial community after application of a complete mineral nutrient mixture for five and 25 years. The
experiment was conducted using the Flakaliden forest research site in northern boreal Sweden and included
naturally low nutrient control plots. Needle and fine root samples of Norway spruce were sampled in addition to
bulk soil during one growing season to provide comprehensive insight into phyllosphere and belowground
microbiota community changes. The phyllosphere microbiota was compositionally distinct from the below-
ground communities and phyllosphere diversity increased significantly over the growing season but was not
influenced by the improved nutrient status of the trees. In both root and soil samples, alpha diversity of fungal, in
particular ectomycorrhizal fungi (EMF), and bacterial communities increased after long-term nutrient optimi-
sation, and with increasing years of treatment the composition of the fungal and bacterial communities changed
toward a community with a higher relative abundance of nitrophilic EMF and bacterial species but did not cause
complete loss of nitrophobic species from the ecosystem. From this, we conclude that 25 years of continuous
nutrient addition to a boreal spruce stand increased phylotype richness and diversity of the microbiota in the
soil, and at the root-soil interface, suggesting that long-term anthropogenic nutrient inputs can have positive
effects on belowground biodiversity that may enhance ecosystem robustness. Future studies are needed to assess
the impact of these changes to the microbiota on ecosystem carbon storage and nitrogen cycling in boreal forests.

1. Introduction

One third of the world's forests are found in the boreal region (FAO,
2010) where N supply is a primary factor limiting tree growth (Tamm,
1991). Conifers dominate these forests and host diverse fungal and
prokaryotic communities, forming a meta-community with complex
symbiotic interactions that together form what is termed a holobiont
individual (Pillai et al., 2014; Vandenkoornhuyse et al., 2015). Plant
associated microbiota contribute to key processes including nutrient
uptake by plants and can improve plant growth, fitness and ecosystem

productivity (Horton et al., 2014). However, beyond the well-known
mycorrhizal associations, little is known about the diversity or function
of the communities of bacteria and fungi associated with conifer nee-
dles or the considerable diversity of other soil and root-associated mi-
crobes. High latitude forests, including the coniferous boreal forests, are
key players in the global carbon cycle and are expected to experience
the most rapid and extreme increases in temperature due to climate
change (IPCC, 2013). Studies of the resiliency of these high latitude
forest holobionts to perturbations caused by climate change and an-
thropogenic N-input are therefore needed to establish whether they will
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continue to serve as carbon sinks in the future.
In boreal forest soils the majority of N is bound in organic forms,

which becomes accessible for plant uptake only after decomposition of
the organic matter, processes involving both fungi and bacteria
(Robinson, 2002; Read and Perez-Moreno, 2003; Schimel and Bennett,
2004; Högberg et al., 2006). More than 95% of the fine roots of conifer
trees in boreal forests are colonised by ectomycorrhizal fungi (EMF)
that are thought to facilitate tree nutrient uptake (Taylor et al., 2000).
Mycorrhizal fungal communities are therefore important drivers of
carbon and nutrient cycling at forest and ecosystem scales (Read et al.,
2004). Various studies of boreal and other ecosystems have focused on
how EMF communities are affected by soil edaphic and climatic factors
(Gehring et al., 2006; Kranabetter et al., 2009), forest succession (Nara,
2006; Twieg et al., 2007), host diversity (DeBellis et al., 2006) or litter
chemistry (Conn and Dighton, 2000; Dighton et al., 2000). These stu-
dies have shown that while EMF species differ in their distribution
according to site and/or host characteristics, a species-rich EMF com-
munity is typically present on root-tips (Horton and Bruns, 2001)
whereas less is known about the composition in soil (Gardes and Bruns,
1996). In addition to enhanced nutrient uptake provided via the EMF
communities, boreal forests also likely benefit from a combination of
additional functions served by a diverse microbial metacommunity,
which can enhance resiliency to environmental stresses and dis-
turbances (Kranabetter, 2004; Swaty et al., 2004).

The role(s) of bacteria in coniferous and boreal forest soil processes
has received less attention but it has been shown that soil communities
are dominated by Actinobacteria, Proteobacteria and Acidobacteria and in
lower abundances by Bacteroidetes, Gemmatimonadetes, Firmicutes,
Verrucomicrobia and Planctomycetes (Hartmann et al., 2009, 2012;
Yarwood et al., 2009; Baldrian et al., 2012; Sun et al., 2014). Studies in
herbaceous plants, such as Arabidopsis thaliana have indicated that
bacteria found in association with plant roots can be characteristic of
the root, as they represent a specific subset of bacteria found in soils
and are essential for growth and survival of the plants in a given habitat
(Bulgarelli et al., 2012; Lundberg et al., 2012). Furthermore, for my-
corrhizal plants the composition and structure of the bacterial com-
munities differ between bulk soil, ectomycorrhizal root tips and non-
mycorrhizal root habitats (Burke et al., 2008; Vik et al., 2013; Nguyen
and Bruns, 2015). Thus not only mycorrhiza, but also soil bacterial
communities, interact with plant roots and in addition the mycor-
rhizosphere offers micro-niches for adapted bacteria (Heinonsalo et al.,
2001; Warmink et al., 2009).

For the dominant conifers of boreal forests, stand productivity and
foliar N concentrations are positively correlated with increasing N
availability in N addition studies (Seith et al., 1996; Flückiger and
Braun, 1998; Kranabetter et al., 2007; Kranabetter and Simard, 2008).
With alleviated N-limitation in the soil and improved N status of the
trees, the belowground allocation of C to roots and to symbiotic my-
corrhizal fungi decreases (Wallenda and Kottke, 1998). Early observa-
tions reported reduced sporocarp production with increasing N-avail-
ability in boreal forests (Wallenda and Kottke, 1998; Lilleskov et al.,
2001). However, more comprehensive studies showed that increasing
soil N availability had less pronounced effects on belowground root-tip
colonisation (Arnebrant and Söderström, 1992; Kårén and Nylund,
1997; Jonsson et al., 2000; Taylor et al., 2000), ectomycorrhizal my-
celia growth (Nilsson and Wallander, 2003; Nilsson et al., 2005) and
species richness (Kranabetter et al., 2009; Högberg et al., 2014) than
implied by sporocarp production (Gardes and Bruns, 1996; Jonsson
et al., 2000; Dahlberg, 2001). Nevertheless, changes in fungal com-
munity composition are commonly observed both above- and below-
ground, with increasing N-availability (Fransson et al., 2000; Lilleskov
et al., 2002; Avis et al., 2003; Cox et al., 2010; Kjøller et al., 2012). EMF
differ in their N tolerance, and observations in N-addition experiments
have frequently reported that taxa such as Lactarius, Laccaria and
Paxillus increase in abundance, referring to them as “nitrophilic”, while
“nitrophobic” taxa such as Cortinarius, Suillus, Tricholoma and Piloderma

decrease in abundance with increasing N availability (Fransson et al.,
2000; Lilleskov et al., 2001). However, knowledge of whether EMF
communities in boreal forests respond directly to changes in soil N
concentrations and pH levels or rather to changes in the tree N status
and/or tree C-allocation remains limited, as does understanding of how
they respond to nutrients other than N or P. Modern sequencing tech-
niques may provide new insights and overcome reported difficulties in
detecting EMF from bulk soil in comparison to colonised root-tips
(Högberg et al., 2014), as they allow for higher resolution in semi-
quantitative studies of belowground fungal communities (Lindahl et al.,
2013; Nguyen and Bruns, 2015).

The response of bacterial communities to nutrient additions has
been studied for agricultural, grassland and arctic tundra soils
(Campbell et al., 2010; Leff et al., 2015) or with a focus on nitrifying
bacteria in boreal forests (Long et al., 2012). While the effects of N-
addition on the diversity of bacterial communities are not always clear,
including negative or no effects, compositional changes are the norm
(Campbell et al., 2010; Ramirez et al., 2010; Koyama et al., 2014; Leff
et al., 2015). Bacteria thriving in nutrient rich conditions, including
Actinobacteria, Bacteroidetes, Alpha-, Beta- and Gammaproteobacteria in-
crease in relative abundance, while oligotrophic groups, such as Acid-
obacteria, decrease with higher N availability (Campbell et al., 2010;
Ramirez et al., 2010; Leff et al., 2015). N-addition changes the C input
quantity and/or quality of the plant roots and either N alone or both N
and C changes in combination might be the cause for these composi-
tional shifts in belowground bacterial communities (Ramirez et al.,
2010).

Given the manifold interactions of fungi, bacteria and Norway
spruce trees in boreal ecosystems, the study of microbial responses to
changing environmental conditions, such as long-term changes in nu-
trient availability, provides valuable knowledge regarding the plasticity
of these interactions. Here, we provide a comprehensive description of
the microbiota associated with needles and roots of Norway spruce
trees from a nutrient limited boreal forest using high-throughput se-
quencing of fungal and bacterial phylogenetic markers. In contrast to
previous studies that focused primarily on the impact of high doses of N
or P only or a combination of these two (Nilsson and Wallander, 2003;
Treseder, 2004; Treseder et al., 2007; Leff et al., 2015), here we report
the effects of a fully optimised macro- and micronutrient mixture on the
diversity and composition of the fungal and bacterial communities after
five and 25 years of continuous nutrient enrichment. We focus on ec-
tomycorrhizal fungi, which have important functions in soil organic
matter decomposition and nutrient mobilisation for tree growth. In
addition, we evaluate the effects of tree nutrient status and growing
season on microbiota of the phyllosphere, the habitat defined as the
surface and internal tissue of the living leaf (Osono, 2006).

2. Materials and methods

2.1. Study site and sampling

Samples were collected at the Flakaliden research site (64°07′N,
19°27′E, altitude 310–320m) within the Vindeln experimental forest in
northern boreal Sweden from a Norway spruce (Picea abies L. (Karst.))
stand planted in 1963 (Linder, 1995). The site has previously been
characterised as highly N-limited, with poor N-mineralisation rates due
to low annual mean temperatures of 1.2 °C and low atmospheric de-
position of ∼3 kg ha−1 (Lindberg and Persson, 2004; Demoling et al.,
2008). In addition, the ground can be frozen and covered by snow from
mid-October to early May, with at least one-third of the mean annual
precipitation of 600mm falling as snow. The short and cold growing
season results in low stand productivity of 3.2m2 ha−1 yr−1 (Demoling
et al., 2008). In 1987 a long-term experiment to explore the potential
yield of Norway spruce under these climatic conditions was started by
application of a balanced complete nutrient solution to optimise tree
growth (Linder and Flower-Ellis, 1992; Linder, 1995; Bergh et al.,
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1999). Addition of macro- and micronutrients, including N, P, K, Mg,
Ca, S, Fe, B, Mn, Cu and Zn followed defined target values for an op-
timal nutrition and was revised based on analysis of the foliar nutrient
status every year (Linder, 1995). Plot size was 50m x 50 and fertiliser
was added with irrigation every second day between June and mid-
August. In 2007 a second treatment was initiated with liquid fertiliser
added to previously irrigated control plots, after it was shown that there
was no influence of irrigation on tree growth of control plots at this site
(Bergh et al., 1999). Each treatment (long-term 25 years nutrient op-
timisation, five years nutrient optimisation and non-irrigated control)
was replicated with three plots in a randomised block design
(Supplementary file 1). N content in the foliage changed markedly after
addition of ammonium nitrate amounting to 75–100 kg ha−1 year−1 in
the nutrient mixture (Linder, 1995). All other nutrients were supplied
in a fixed proportion to N. On average ∼15 kg ha−1 P, 42 kg ha−1 K,
7 kg ha−1 Mg, 10 kg ha−1 Ca and 5 kg ha−1 S were added annually.
After 25 years, this treatment resulted in a significant increase in N, P, S
and B concentrations and a decrease in Ca and Zn in the foliage in
comparison to untreated stands (Supplementary file 2). Furthermore,
only Ca:N and Zn:N decreased significantly, with the abundance of all
other elements occurring without significant changes in their propor-
tions relative to N.

For the current study, samples were collected in 2012, representing
five or 25 years of nutrient optimisation and from control plots, from
the organic F + H layer of the podozolic sandy glacial till, from fine
roots (≤1 mm) and one-year-old needles of Norway spruce. Samples
were collected four times during the growing season. At the beginning
on June 5th during bud break and shoot elongation, in early summer
June 24th when starch accumulation and carbohydrate content is at a
maximum in the needles, in late summer August 6th when carbohy-
drate demand is high and starch reserves decline and at the end of the
growing season on October 9th when needles show a minimum of
carbohydrate content (Linder, 1995). For the soil sampling a metal
corer of 10 cm diameter was used and three samples were taken within
each plot in order to account for within-plot heterogeneity, but were
merged after sequence analysis (see below). The sandy layer and plant
material were removed and samples sieved (4mm) and stored at
−80 °C. Fine roots of the mature Norway spruce trees were harvested
within the upper 25 cm of the soil and washed with distilled water.
Needles of the previous growing season (2011) and roots were sampled
in triplicates for each plot and stored at −80 °C. Altogether, for each
sample type (needles, roots and soil) 108 samples (3 treatments x 3
replicate plots x 3 samples in each replicate plot x 4 seasonal sampling
points) were processed in this experiment.

2.2. Microbial DNA extraction and sequencing

Genomic DNA from soil samples was extracted following the pro-
cedure described in Griffiths et al. (2000) and modified after DeAngelis
et al. (2010) starting with 0.5 g of frozen soil. DNA from root- and
needle-associated microbiota was extracted from 75mg of tissue using a
method summarised in Hanania et al. (2004) with na-
triumdiethyldithiocarbamat trihydrate (DETC) in the extraction buffer
instead of sodium bisulfite and a final DNase and protease-free RNase A
(ThermoFisher Scientific, Waltham, MA, USA) treatment. Purity and
concentration of nucleotides was assessed using a NanoDrop 2000
Spectrophotometer (ThermoFisher Scientific). DNA was diluted and
used for PCR amplification in concentrations ≤50 ng/μl. The amplifi-
cation protocol was adapted from the Earth Microbiome Projects PCR
protocol (http://www.earthmicrobiome.org/emp-standard-protocols/
16s/), as described in Caporaso et al. (2011, 2012), for a dual in-
dexing approach as in Kozich et al. (2013). PCR amplification of the 16S
V4 region of the bacterial 16S rRNA gene was performed for each
sample in triplicate using the 515F/806R primers both containing 12-
bp barcodes to allow for dual indexing of the samples. Similarly, pri-
mers ITS1-F/ITS2 (White et al., 1990) of the internal transcribed spacer

(ITS) region were used for amplification of the fungal ITS1 region. The
PCR reaction included 12.5 μl GoTaq® hot start green master mix
(Promega, Madison, WI, USA) and 0.5 μg/μl bovine serum albumin
(BSA) (Thermo Fisher Scientific) and RT-PCR grade water (Thermo-
Fisher Scientific) for a 25 μl PCR reaction. For bacteria the use of
peptide nucleic acids (PNAs) was necessary to arrest elongation of
plastid 16S and mitochondrial 18S ribosomal sequences. Anti-mi-
tochondrial PNA (mPNA) and anti-plastid PNA (pPNA) sequences for
use with Arabidopsis thaliana were described by Lundberg et al. (2013)
and ordered from PNA Bio (Newbury Park, CA, USA). For a successful
elongation arrest of mitochondrial ribosomal 18S sequences originating
from Norway spruce during the PCR reaction a degenerate nucleotide
5′-GGCAAGTGTTMTTCGGA-3′ was implemented in the original mPNA
sequence. PNA PCR end concentrations for root samples was 0.2 μM and
0.6 μM with needle samples. Activation of the PNA clamps took place at
78 °C for 10 s before primer annealing during the PCR reaction cycles.
Triplicate reactions were pooled and quantified with a Qubit® 2.0
Fluorometer (model 2.0; Invitrogen, Carlsbad, CA, USA) and 50 ng of
each sample was combined in one amplicon pool per sample type.
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA)
were used for cleaning and once again concentrations were measured.
Libraries were sequenced on an Illumina MiSeq using the 300 (16S soil)
or 500 cycle MiSeq Reagent kit v2 (Illumina, San Diego, CA, USA). For
the phyllosphere bacteria study two sequencing runs were performed
using the same amplicon pool. A fungal mock community, consisting of
equimolar genomic DNA, was constructed from DNA extracted from
locally collected sporocarps of 17 fungal species in the Ascomycota and
Basidiomycota (Supplementary file 3). A bacterial mock community
representing 20 bacterial strains and containing staggered ribosomal
RNA was obtained from BEI Resources (NIAID, NIH as part of the
Human Microbiome Project: Genomic DNA from Microbial Mock
Community B, v5.2L, HM-783D). Mock communities served as positive
controls and were treated the same as the experimental samples and
negative water controls in the amplification and sequencing process.

2.3. Sequence analysis

Illumina data were processed using QIIME version 1.9.0 (Caporaso
et al., 2010b). Initially, each mapping file was checked with valida-
te_mapping_file.py before adjusting them with a custom Python script
(‘fix_mappingfile.py’ available at: https://github.com/druvus/16S-
demultiplexing) for use in demultiplexing the sequence reads by
sample index. The raw sequences were quality filtered using the default
settings of the split_libraries_fastq.py command. Cutadapt's “-a” option
was used to remove primer sequences at the 3′ end of the reads (Version
1.4.1) (Martin, 2011). Paired-end sequences of bacteria were merged
using FLASH (Version 1.2.9) (Magoč and Salzberg, 2011) with the
settings “–m 20 –M 100 –r 251 –f 253”. Analysis of fungi was based on
the forward directional sequences only as described in Nguyen et al.
(2015). For sample assignment of the reads the split_libraries_fastq.py
and another custom Python script split_fastq.py (‘split_fastq.py’ avail-
able at: https://github.com/druvus/16S-demultiplexing) were used.
The software ITSx (Version 1.0) (Bengtsson-Palme et al., 2013) was run
on the fungal reads with the settings “-t f –preserve T -E 1 -allow_sin-
gle_domain 1e-5,0” to identify and retain only sequences of the fungal
lineage by comparison to HMM-profiles of the HMMER3 software
package (Eddy, 2011) incorporated in the ITSx software and to separate
the ITS1 subregion from the highly conserved SSU. VSEARCH (Version
1.10.2) (Rognes et al., 2016) was used with default settings to dere-
plicate the sequences, sort by decreasing abundance in addition to
singleton removal “–minsize 2”, before de novo clustering at≥ 95%
(ITS1), following suggestions in Schmidt et al. (2013), and≥97% (16S)
sequence similarity levels using the “–cluster_size” command. De novo
chimera detection was performed with the UCHIME algorithm (Edgar
et al., 2011) as implemented in VSEARCH, before mapping the raw
demultiplexed sequences against the de novo created ITS1 and 16S
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databases at 95% or 97% sequence identity, respectively, and genera-
tion of count tables using a custom Python script (‘create_-
otu_table_from_uc_file.py’ available at: https://github.com/leffj/helper-
code-for-uparse). Taxonomy was assigned for bacteria using the RDP
classifier (Version 2.2) (Cole et al., 2009) or for fungi using the BLAST
(Version 2.2.26) (Altschul et al., 1990) implementation of QIIME re-
ferenced against the SILVA (Version 119) (Quast et al., 2013) database
at 97% similarity or the UNITE (Version, 2016_01_31) (Kõljalg et al.,
2005) database at a dynamic level, respectively. Clusters, referred to as
operational taxonomic units (OTUs), classified as chloroplast, mi-
tochondria, archaea or unclassified reads were removed from the bac-
teria dataset before further analysis. The FastTree (Price et al., 2010)
algorithm in QIIME was used to build a bacterial phylogeny of the re-
presentative sequence after aligning at 60% identity using the PyNAST
(Caporaso et al., 2010a) algorithm against the SILVA database. Protist
and unclassified sequences were filtered from the fungal dataset. For
this study any OTU having ten or fewer sequences was removed from a
sample. In addition, a minimum abundance of 0.005% in any of the
three sample types was required. This approach was effective in re-
moving low abundance OTUs that represented noise and resulted in 22
OTUs for the fungal mock community (Supplementary file 4) and 54
OTUs for the bacteria mock community (Supplementary file 5). The
sequences of the replicates within a plot were combined for down-
stream analysis. EMF were identified according to Glassman et al.
(2015). The raw data has been submitted to the European Nucleotide
Archive (ENA, www.ebi.ac.uk/ena) under the accession number
PRJEB21692. FASTA file information and corresponding mapping files
for demultiplexing are available as supplementary information
(Supplementary files 6–12). A guide for the preprocessing steps is
available at https://github.com/juliaha/Flakaliden_2012.

2.4. Ecological and statistical analyses

Observed OTU counts were used to estimate phylotype richness for
each of the biological replicates after rarefaction of the samples to
39,000 reads for ITS1 or 16,500 reads for 16S, which represented the
minimum read counts in a single sample for ITS1 or 16S samples, re-
spectively. Rarefaction plots were examined using the three samples
with the lowest and highest read counts for each sample type (soil,
roots, needles) of ITS1 or 16S, respectively (Supplementary file 13). The
Shannon diversity index was used to calculate the microbial alpha di-
versity on log-transformed normally distributed non-rarefied OTU
count values. The “lme” function of the nlme package (Pinheiro et al.,
2016) was used in R (R Development Core Team, 2016) (Version 3.3.1)
to build linear mixed effect models testing for significance in diversity
between the three sample types of control plots using the log-trans-
formed Shannon diversity index values (Diversity∼ SampleType). Ad-
ditionally, we tested for differences of nutrient optimisation after five or
25 years within each sample type (Diversity∼ Treatment). Further-
more, the effect of the sampling time point within each treatment and
sample type was investigated (Diversity∼Date). Sampling plot was
always treated as a random variable and Tukey honestly significant
differences (HSDs) were assigned using the “glht” function in the R
package multcomp (Hothorn et al., 2008) when significant differences
were detected (α=0.05).

Compositional differences between communities were investigated
using the Bray-Curtis beta diversity index, for computing dissimilarity
matrices after variance stabilising transformation of the data using the
package DESeq2 (Love et al., 2014) and visualised with principal co-
ordinate analysis (PCoA) as implemented in the phyloseq package
(McMurdie and Holmes, 2013) in R. Shifts in overall community
composition of the belowground samples were tested across sample
type, nutrient optimisation and season after performing constrained
ordination with the “capscale” function and using permutational mul-
tivariate ANOVA (PERMANOVA) as implemented in the vegan package
(Dixon, 2003) in R. This was also performed for the needle data set to

test for seasonal and treatment effects. Nonsignificant terms or inter-
actions were removed from the final PERMANOVA model. To test for
significant differences in the relative abundance of specific OTUs of the
fungal data set or at genus level for the bacterial data set between soil
and root control samples, between control and nutrient treatment plots
or for different seasons in the needle samples, the raw count tables were
used to estimate size factors and dispersion before fitting a generalised
linear model using DESeq2 in R. Results of pairwise comparisons were
included in heatmap visualisations with a Log2 fold change> 2 and an
adjusted p value < 0.01. Description of an exemplary analysis in R and
the OTU tables used are provided (Supplementary files 14–18).

2.5. Nutrient analysis and soil properties

Total C and N contents of needle, root and soil samples were de-
termined after Werner et al. (1999) using an Elemental Analyser (Flash
EA, 2000; Thermo Fisher Scientific, Bremen, Germany) together with
an Isotope Ratio Mass Spectrometer (DeltaV, Thermo Fisher Scientific,
Bremen, Germany). ICP-AES (Inductively Coupled Plasma-Atomic
Emission) analysis of nutrient concentrations (P, K, Ca, Mg, Mn, S, Fe,
Cu, Zn, B) per unit mass of needle and soil samples taken in October
2012 were performed with an Avio ICP 200 Optical Emission Spectro-
meter (PerkinElmer, MA, USA) after wet digestion of 1g dry material in
65% nitric acid, as described in Hellsten et al. (2013). Soil pH was
measured in a 1:5 (v:v) dilution in water, as described in Demoling
et al. (2008).

3. Results

3.1. Norway spruce needles, roots and boreal forest soil host distinct fungal
and bacterial communities

Soil and root samples from the control plots contained 176 common
OTUs, representing 59% and 71% of all fungal OTUs found in soil and
root samples, respectively (Fig. 1a). Both sample types were dominated
by the genera Piloderma and Cortinarius (> 5%) and by Archae-
orhizomyces and Hygrophorus in lower abundance (Supplementary file
19). Piloderma alone accounted for 54 ± 5% and 46 ± 4% (Mean ±
standard error) of all fungal ITS reads in the control soil and root
samples, respectively. Despite the overall similarities of the below-
ground communities, there were significant compositional differences
between control soil and root samples (P < 0.001). OTUs classified as
Venturiaceae sp, Cortinarius vibratilis and Meliniomyces variabilis were
notably more abundant in root samples, while Archaeorhizomyces sp
and taxa of the genera Tylospora and Pseudotomentella were more
abundant in the soil. (Supplementary file 20).

The needle associated fungal communities on the control plots were
distinct from the belowground fungal communities. Total fungal phy-
lotype (i.e. OTUs) richness was highest in the needle samples and the
five most abundant genera were of the phylum Ascomycota (Fig. 1a and
Supplementary file 19). Alpha diversity was about 36% higher in
phyllospheric communities than in root control communities
(P < 0.001, Fig. 1c) and only the diversity of fungal communities as-
sociated with the needles was strongly influenced by the growing
season (P < 0.05).

The bacterial phylotype richness in the soil samples of the control
plots comprised 1503 OTUs, by far the highest of all the sample types
studied, and included 77% of the root-associated bacterial taxa
(Fig. 1b). In comparison to root and needle samples, soil samples from
control plots were also the most diverse, as indicated by alpha diversity
(Fig. 1d). The majority of the belowground bacterial taxa were of the
phyla Proteobacteria, Acidobacteria and Actinobacteria. In particular,
bacteria of the order Xanthomonadales within the Proteobacteria were
highly abundant in belowground samples (Supplementary file 21).
Despite great similarities in community structure, composition of the
soil and root bacterial communities was distinct (P < 0.001),
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highlighting compositional differences between these communities.
Proteobacteria of the genera Acidocella, Burkholderia and Aquicella were
more abundant in root than soil samples and bacteria of the order
Rhizobiales (Proteobacteria), Solirubrobacterales (Actinobacteria) and
Planctomycetales (Planctomyces) were less abundant in root samples
than in the soil (Supplementary file 22). The needle samples had the
fewest bacterial OTUs, with the majority of those OTUs being unique to
the phyllosphere. Similarly, alpha diversity was much lower in the
needle than in the root samples on the control plots (P < 0.001). The
most abundant genus found in the phyllosphere was Acidiphilium within
the Proteobacteria.

3.2. Nutrient optimisation increased alpha diversity of belowground fungi
and bacteria

Alpha diversity of both soil and root fungal communities was po-
sitively affected after long-term (25 years) nutrient optimisation
(P < 0.05; Fig. 2a). In particular, greater EMF community diversity
was observed after long-term nutrient optimisation (Fig. 3a and b). In
contrast, short-term (five year) nutrient optimisation resulted in greater
fungal diversity only in the soil. Nutrient optimisation also had a sig-
nificant effect on belowground fungal community composition
(P < 0.001; Fig. 2c). Sample type and the interaction term of treatment
and sample type were both significant (P < 0.001; P < 0.01), driven
by differences in the composition of soil and root fungi and a dissimilar
responsiveness of these two distinct communities to the treatment.
Fifteen percent (48) of the root associated and 6% (22) of the soil fungal
OTUs responded significantly to nutrient optimisation, including 16 of
149 putative ectomycorrhizal fungal OTUs, (with an adjusted p
value < 0.01) (Fig. 4 and Supplementary file 23). After nutrient opti-
misation, fungi of the genus Tylospora became more abundant,

especially in association with roots. We also saw the genus Amphinema
in higher abundance in root samples from the nutrient optimised plots.
In general, members of the genus Pseudotomentella were found in higher
abundance in both root and soil samples after nutrient optimisation. In
contrast, members of the genus Cortinarius were less abundant in both
sample types after nutrient optimisation. Fungi of the genus Piloderma
were also less abundant after nutrient optimisation but were only sig-
nificantly reduced in soil samples. In addition, several non-mycorrhizal
fungi classified as Venturiaceae sp and Oidiodendron pilicola declined in
abundance in root samples.

In contrast to the clear effects of long-term nutrient optimisation,
the growing season had no effect on the alpha diversity of the below-
ground fungal communities (P > 0.05) but did influence the compo-
sition of the soil and root fungal communities to some extent
(P < 0.05). This effect was due only to a seasonal response of fungal
OTUs within the nutrient optimised plots. The one root-associated OTU
that did respond significantly to both treatment and growing season
was the ectomycorrhizal OTU Pseudotomentella griseopergamacea. This
OTU was in general of low abundance in root samples (< 1%) but was
more prevalent in nutrient optimised plots and here more in August
than in samples from October.

Alpha diversity, both of soil and root-associated bacterial commu-
nities, was significantly higher after long-term (25 years) nutrient op-
timisation (P < 0.001; Fig. 2b). Alpha diversity in the soil was also
higher after the short-term (five years) nutrient optimisation treatment
(P < 0.001), and the root bacterial communities showed a tendency to
increase alpha diversity after five years of treatment (P > 0.05). Nu-
trient optimisation also resulted in major changes in the composition of
the root- and soil-associated bacterial communities (P < 0.001;
Fig. 2d). Root and soil communities were distinct in their composition
(P < 0.001) and nutrient optimisation differed in the effect it had on

Fig. 1. Fungal and bacterial community diversity of
the control treatment.
Venn diagrams comparing fungal (a) and bacterial
(b) operational taxonomic units (OTUs) in the forest
soil (grey) relative to fungal OTUs in the root (brown)
and needle (green) samples of the control plots. OTUs
with 10 or less counts and a minimal abundance of
0.005% per sample type were removed and the bio-
logical replicates were rarefied to 39.000 or 16.500
sequences, respectively. Boxplots of median fungal
(c) and bacterial (d) alpha diversity, using the
Shannon diversity index of operational taxonomic
units (OTUs), coloured by sample type soil (grey),
root (brown) and needle (green) and split by season
within each sample type (from left to right: early
June, late June, August and October). Shannon di-
versity index represents log-transformed values.
Lowercase letters represent Tukey honestly sig-
nificant differences (HSDs) at P < 0.05, testing the
significance of sample type (below boxes) and of
season (above boxes). Whiskers represent inter-
quartile range (IQR) x 1.5.
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the established communities of soil and roots (P < 0.005). Of the
genera associated with roots, 22% (30) responded to nutrient optimi-
sation in comparison to 7% (10) in the soil (Fig. 5 and Supplementary
file 24). Several members of the Acetobacteraceae family consistently
decreased in both soil and root communities with increasing nutrient
availability. Improved nutrient status led to a depletion of genera
within the phyla Cyanobacteria and Planctomycetes in the root commu-
nities. In contrast, Actinospica and Streptomyces, both of the phylum
Actinobacteria, which includes more copiotrophic bacterial groups, in-
creased in relative abundance in root communities of soils where nu-
trient conditions were higher. In contrast to nutrient optimisation,
season had no effect on alpha diversity and community composition of
soil and root bacteria.

3.3. Changes in alpha diversity of phyllospheric fungal and bacterial
communities follow seasonal dynamics

Alpha diversity of the fungal community of the phyllosphere varied
throughout the seasons (P < 0.001; Fig. 2a). However, in contrast to
the belowground fungal communities, we found there was no effect of
nutrient optimisation on the diversity of the phyllospheric fungal
community even after 25 years of treatment (P > 0.5). Alpha diversity
of the phyllospheric fungal community was initially high in early June
samples but decreased towards late June before increasing again in
August, eventually even exceeding the level of the early June samples
(Fig. 2a).

The first two coordinates of the PCoA of the needle samples ex-
plained 52% of the variation in community composition between

samples (Fig. 6a). Variation in the fungal community composition of the
phyllosphere was largely driven by the growing season (P < 0.001)
but nutrient optimisation also contributed (P < 0.001). Fungal OTUs
that were more abundant in the phyllosphere in June were classified as
Endoconidioma populi and Lophodermium piceae (Supplementary file 25).
Later in the growing season OTUs classified as Cladosporium ex-
asperatum, Cryptococcus victoriae, Pectenia plumbea, Dothideomycetes sp,
Devriesia pseudoamericana and Teratosphaeriacea sp became more pre-
valent in needle samples. One OTU, Fusicolla violacea, was higher in
abundance towards the end of the growing season and additionally with
increasing nutrient availability. The effect of nutrient optimisation
alone was particularly pronounced for an OTU of the order Rhytisma-
tales, which was more abundant in nutrient optimised plots at three of
four sampling points in June and August.

Similar to fungal communities, alpha diversity of the phyllospheric
bacterial communities was strongly influenced by the growing season
(P < 0.001; Fig. 2b). The effect of growing season was more pro-
nounced on plots where nutrient availability had been increased for five
(P < 0.005) or 25 years (P < 0.01) in comparison to the control
condition (P < 0.1). However, alpha diversity of bacterial commu-
nities of the needle samples was not responsive to increased nutrient
availability alone (P > 0.5). Diversity of the phyllospheric bacterial
communities decreased between early and late June and increased
again later in the growing season, with a peak in August (Fig. 2b).

Community composition of phyllosphere bacteria was strongly in-
fluenced by the time of growing season (P < 0.001) and nutrient op-
timisation (P < 0.05 Fig. 6b). Community shifts due to growing season
were observed for several genera. Relative abundance of the genera

Fig. 2. Fungal and bacterial community diversity in belowground and needle samples after nutrient optimisation.
Boxplots show median fungal (a) and bacterial (b) alpha diversity, using the Shannon diversity index of operational taxonomic units (OTUs), coloured by treatment:
Control (blue), five years of nutrient optimisation (yellow) and 25 years of nutrient optimisation (red) and split by season within each treatment (from left to right:
early June, late June, August and October). Shannon diversity index represents log-transformed values. Lowercase letters represent Tukey honestly significant
differences (HSDs) at P < 0.05, testing the effect of treatment within each sample type. Whiskers represent interquartile range (IQR) x 1.5. Principal coordinate
analysis (PCoA) of soil and root fungal (c) or bacterial (d) communities across the three treatment levels. After variance stabilising transformation of the OTUs
abundance values the Bray-Curtis index was used as an abundance-based metric. Samples are coloured by treatment and shaped corresponding to a sample type.
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Buchnera and Rhodanobacter within the Proteobacteria was highest in the
beginning of the year. The abundance ofMethylocella, Methylobacterium,
Novosphingobium, Bdellovibrio, Legionella (Proteobacteria), Bryocella
(Acidobacteria) and Hymenobacter (Bacteroidetes) increased from August
onward (Supplementary file 26). Bacteria of the genus Singulisphaera
(Planctomyces) also increased late in the season (from August onward)
but in addition their abundance was higher on the nutrient optimisation
plots, in comparison to the control plots, in late June. In contrast,
members of the order Xanthomonadales (Proteobacteria) were less
abundant with nutrient optimisation than in samples from the control
in August (Supplementary file 26).

4. Discussion

Fungal and bacterial species, and the complex metacommunities
they form, represent key players in carbon and nitrogen cycles in boreal
forest ecosystems, however our understanding of the effects of altered
nutrient status on the forest microbiota is currently limited. In this
study, we report the effects of short (five year) and long-term (25 years)
nutrient optimisation on the diversity and composition of fungal and
bacterial communities in the soil of a boreal forest and on the

microbiota associated with Norway spruce roots and needles. Using
amplicon-based metagenomics sequencing of the fungal ITS1 variable
region we found that five years of nutrient optimisation increased alpha
diversity of fungal communities in the mor layer and significantly in-
creased alpha diversity after 25 years. The observed increase in alpha
diversity of the root associated fungal community was only significant
after 25 years, suggesting that fungi in association with roots respond
more slowly to changes in edaphic conditions. In particular, the di-
versity of the ectomycorrhizal fungal community increased with nu-
trient optimisation. This increase in diversity was linked to a shift of the
community composition towards more nitrophilic taxa (Fig. 4 and
Supplementary file 23), indicating adaptation to higher inorganic nu-
trient but decreased plant carbon availability, consistent with the ob-
servation that C-allocation to small and fine roots was significantly
reduced at this site after 12 years of nutrient optimisation (Iivonen
et al., 2006). The diversity of belowground bacterial communities also
increased significantly after five and 25 years in the soil and after 25
years in root samples, with shifts in community compositions towards
putatively copiotrophic taxa occurring under nutrient optimisation
(Fig. 5 and Supplementary file 24). The positive effect on diversity we
observed suggests that bacterial communities respond to both the
higher nutrient and the higher C availability resulting from increased
litter input, which is consistent with the observation that total C and N
had increased in the mor layer after 12 years (Olsson et al., 2005), and
again after 25 years (Supplementary file 27) of nutrient optimisation.
The direct response of bacterial communities to nutrient optimisation
might also explain their earlier changes in comparison relative to
changes in fungal communities, where nutrient optimisation only has
an indirect effect on the EMF community, due to reduced C-allocation
by the plant host.

In our belowground samples, EMF taxa reported to be nitrophobic
and to have abundant extramatrical mycelium of the medium distance
exploration type, such as Cortinarius and Piloderma (Fransson et al.,
2000; Agerer, 2001; Lilleskov et al., 2002; Allison et al., 2008), de-
creased in abundance after nutrient optimisation. On the other hand
nitrophilic taxa such as Tylospora (Fransson et al., 2000; Lilleskov et al.,
2002) and Pseudotomentella increased in abundance in response to in-
creased nutrient availability. These are of the relatively short distance
exploration types and might have lower need of plant-derived C for the
production of mycelia (Colpaert et al., 1992; Wallenda et al., 1996;
Nilsson et al., 2005). A study of root morphotypes of EMF at the Fla-
kaliden research site after 10 years of nutrient optimisation indicated
similar changes (Fransson et al., 2000), suggesting a dynamic response
of the belowground EMF communities to increased nutrient avail-
ability. Our data support the conclusion that certain mycorrhizal fungi
may partially replace or compensate for other EMFs under conditions of
high nutrient availability, and that differences in life-history traits and
the tolerance to higher nutrient concentrations influence EMF com-
munity composition. Similarly, ericoid mycorrhizal hyphae of the Leo-
tiomycetes also decreased in the nutrient optimised plots. These findings
are consistent with the hypothesis that trees invest less C into EMF and
thus the costs of foraging for nutrients by EMF need to be reduced in
systems with higher nutrient availability, resulting in the establishment
of more C efficient symbionts or ones that grow better with highly
available NO3

−.
Increases in forest productivity can potentially be achieved by irri-

gation alone if water availability is a limiting factor for tree growth. At
the Flakaliden site, where nutrient levels were naturally very low, ir-
rigation did not have a positive effect on tree growth and biomass and
did not result in changes to the composition of microarthropod com-
munities (Bergh et al., 1999; Lindberg and Persson, 2004). It is there-
fore unlikely that the observed changes in fungal communities on the
plots receiving liquid nutrition were a result of changes to soil water
status. However, combined effects of irrigation and fertilisation have
been reported and were shown to reduce the toxic effects of solid fer-
tiliser addition and acidification on the soil fauna (Lindberg and

Fig. 3. Alpha diversity of ectomycorrhizal and putative ectomycorrhizal (a) or
non-mycorrhizal OTUs (b).
Boxes represent median fungal diversity in soil and root samples and were
coloured by treatment: control (blue), five years of nutrient optimisation
(yellow) and 25 years of nutrient optimisation (red) and the seasons kept apart
within each treatment (from left to right: early June, late June, August and
October). Alpha diversity is based on log-transformed Shannon diversity index
values. Whiskers represent interquartile range (IQR) x 1.5.
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Persson, 2004). In agreement with this, the effect of increasing fertility,
either naturally or by anthropogenic means, on fungal richness and
diversity has often been inseparably linked to pH effects (Lilleskov
et al., 2002; Frey et al., 2004; Treseder, 2004; Kranabetter et al., 2009;
Högberg et al., 2014). Fertilisation and anthropogenic N-deposition are
often associated both with decreasing pH and fungal species richness
and diversity (Lilleskov et al., 2002; Frey et al., 2004; Treseder, 2004;
Högberg et al., 2014), whereas positive correlations of higher nutrient
availability on pH and fungal alpha diversity are found along natural
fertility gradients (Kranabetter et al., 2009; Högberg et al., 2014). In the
Flakaliden experimental forest, the long-term addition of a complete
nutrient mixture resulted in no significant change in soil pH
(Supplementary file 2) but it did result in a significant increase in fungal
diversity. This finding suggests that large increases in nutrient avail-
ability can be balanced in this ecosystem if supplied in repeated low-
dose and in liquid form, and indicates further that mycorrhizal

community diversity can be increased by increasing soil fertility alone,
independent of changes to soil pH.

Like fungi, bacteria are influenced by pH as well as N and/or C
availability in the soil (Sessitsch et al., 2001; Frey et al., 2004; Burke
et al., 2006; Wallenstein et al., 2006). Studies in mixed hardwood
stands, loblolly pine plantations, Arctic tundra and grassland soils have
all reported either no effect or an increase of bacterial richness and
diversity after long-term N-addition (Burke et al., 2006; Ramirez et al.,
2010; Turlapati et al., 2013; Koyama et al., 2014). Similarly, in our
experiment nutrient optimisation significantly increased the alpha di-
versity of the bacterial community in the mor layer after five and 25
years. In common with fungal species, the diversity of the root-asso-
ciated bacterial community increased after five and 25 years but, as
with the fungal community, this change was significant only after 25
years, suggesting that bacteria in direct contact with plant roots are also
less influenced by changes in nutrient availability. Bacteria are often

Fig. 4. Heatmap of fungal OTUs differing in abundance in root samples across nutrient levels.
OTUs were filtered to contain>10 counts and a relative abundance of> 0.005%. Log2 fold change> 2 and an adjusted p value of< 0.01 were set as significance
cut-offs and 48 OTUs were found to differ significantly. For display, OTU abundances are centred across all samples. Names of the most similar database sequences on
species level are shown along with each OTU. OTUs with an abundance of> 1% are indicated in bold letters. Ectomycorrhizal taxa are marked red. The coloured bars
at the bottom represent the treatments, control in blue, five-year nutrient optimisation in yellow and 25 years of nutrient optimisation in red.
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associated with mycorrhiza (Bonfante and Anca, 2009) and are thought
to stimulate mycorrhization (Garbaye, 1994) and also colonise various
niches of the mycorrhizosphere (Cairney and Meharg, 2002). For ex-
ample in a soil-Quercus petraea-Scleroderma citrinum continuum, Bur-
kholderia dominated the ectomycorrhizosphere (Uroz et al., 2013). At
Flakaliden, Burkholderia were more abundant in root compared to soil
samples in the control plots, suggesting that also here tree-associated
mycorrhizal fungi may be important for certain bacteria during colo-
nisation. Furthermore, trees and fungi have been shown to select mi-
crobes with complementary functions (Uroz et al., 2013). In our case
bacteria with the capacity to fix nitrogen, such as of the family Acet-
obacteraceae, a taxa assigned to the order Rhizobiales (within the Pro-
teobacteria) or the class Melainabacteria (Cyanobacteria), decreased in
both soil and root samples with long-term nutrient optimisation. On the
other hand, in nutrient optimised plots the genus Streptomyces became
more abundant at the root level, together with other putatively copio-
trophic bacteria of the phylum Actinobacteria. Strains of Streptomyces
spp. have been studied in the presence of certain EMF, such as Amanita
muscaria, Suillus bovinus or Piloderma croceum, where they had positive
effects on mycorrhization, but could also act as competitors for root
colonisation with fungi (Schrey et al., 2005; Kurth et al., 2013). Our
findings highlight that complex communities comprising fungal and
bacterial species are formed in association with tree fine roots. Bacteria
will directly react to concurrent changes in C and/or N inputs across N
gradients (Ramirez et al., 2010) in addition to changes in diversity and
composition of soil and root-associated fungi. Mycorrhiza can be a
source of low molecular weight organic compounds influencing bac-
terial communities in the soil (Fransson et al., 2016), further empha-
sising that interactions between mycorrhizal and bacterial communities
exist. As such, interpretation of ecosystem observations will benefit
from inclusion of both components.

Phyllosphere fungi occupy a broad range of niches on and in living
plants, they can be asymptomatic endo- and epiphytes, pathogens or
live as litter degrading saprobes on dead plant material and many can

Fig. 5. Heatmap of bacterial genera differing in abundance in root samples across nutrient levels.
OTUs were filtered to contain at least 10 counts and a relative abundance of more than 0.005
% and were then merged at genus level. Log2 fold change>
2 and an adjusted p value of< 0.01 were set as significance cut-offs and 30 genera were found to differ significantly. For display, genera abundances are centred
across all samples. Names of the most similar database sequences on genus level are shown. Genera with an abundance of> 1% were indicated in bold letters. The
coloured bars represent the treatments, control in blue, five-year nutrient optimisation in yellow and 25 years of nutrient optimisation in red.

Fig. 6. Principal coordinate analysis (PCoA) of phyllospheric fungal (a) and
bacterial (b) communities.
After variance stabilising transformation of the OTUs abundance values the
Bray-Curtis index was used as abundance-based metric to display compositional
differences across season and treatment. Samples are coloured by sampling time
point and shaped corresponding to a treatment.
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switch between states during their life cycle in response to resource
availabilities (Müller et al., 2001; Schoch et al., 2006). Our findings
suggest that fungi in the phyllosphere of Norway spruce form highly
diverse communities that are more diverse than belowground fungal
communities of the same stand. Endophytic leaf or phyllospheric fungal
communities of trees are, in general, described as highly diverse
(Arnold et al., 2007; Jumpponen and Jones, 2009, 2010; Bálint et al.,
2013; Millberg et al., 2015) and endophyte diversity of conifers at
higher latitudes was shown to be almost as diverse as that of tropical
hosts (Arnold and Lutzoni, 2007). At high latitudes leaf-associated
fungal communities of evergreen trees with multi-annual foliage are
even more diverse (Millberg et al., 2015) than those of deciduous trees
(Bálint et al., 2013). The main effect on diversity and composition of
phyllospheric communities in our samples was growing season and not
nutrient treatment. The increased N availability in proportion to C, as
seen by lower C:N ratios after 25 years of nutrient optimisation treat-
ment (Supplementary file 27), had no significant influence on the di-
versity of phyllosphere fungi. However we found that phyllosphere
fungi, such as Lophodermium piceae or different Dothideomycetes species,
were most abundant either at the beginning or the end of the growing
season. This pattern suggests a link to changes in foliar carbohydrates,
mainly starch, which account for up to 40% of the needle dry weight
early in the growing season but are found at very low concentrations
during the rest of the year (Linder, 1995).

In contrast to our observations for fungal diversity, bacterial rich-
ness and diversity in the phyllosphere was lower compared to that of
belowground communities, matching findings in grapevine, mustard
and Arabidopsis (Bodenhausen et al., 2013; Zarraonaindia et al., 2015;
Wagner et al., 2016). Both the phyllosphere and rhizosphere environ-
ments are heterogeneous and dynamic, and they are not exclusive of
each other, with microbes able to migrate in both directions
(Bodenhausen et al., 2013; Zarraonaindia et al., 2015). Nevertheless,
abiotic and biotic factors influence community structures of various
sample types differently and only diversity of phyllospheric bacterial
communities responded significantly to season in our experiment.
Several endophytic bacteria, members of the Enterobacteriaceae and
Bdellovibrionaceae (Rúa et al., 2016), and other Proteobacteria from
needle samples, such as Xanthomonadales, Legionellales, as well as
Acidobacteriales (Acidobacteria), Cytophagales (Bacteroidetes), Plancto-
mycetales (Planctomyces), Chthoniobacterales (Verrucomicrobia) varied
during the growing season. Similarly, changes in abundance of me-
thylo- and methanotrophic Proteobacteria such as Methylobacterium and
Methylocella indicated a seasonal adaptation to shifting resource avail-
ability in the leaf habitat. Our work cannot exclude the importance of
other factors, such as UV-radiation or humidity, in shaping phyllo-
spheric communities over the growing season but our results suggest a
predictable temporal variability for certain members of the phyllo-
sphere habitat that most likely reflects changes in C availability of the
needles.

5. Conclusions

Overall, our study demonstrated that nutrient optimisation treat-
ments in boreal forests to maximise tree growth also had significant
effects on diversity and composition of belowground soil and root-as-
sociated fungal and bacterial communities, which will ultimately affect
processes of carbon and nitrogen cycling in the soil. Continuous ap-
plication of a balanced nutrient solution for five and 25 years increased
species richness and alpha diversity, where root-associated fungal and
bacterial communities were influenced less after five years than the soil
communities. Sequencing of phylogenetic markers showed that the
composition shifted towards copiotrophic taxa that have preferences for
inorganic N, and that are adapted to decreased plant belowground C
allocation. Variation in the diversity and abundance of the phyllo-
spheric fungal and bacterial communities was most likely connected
with seasonal variation in needle carbohydrate status, with no

pronounced effect of higher nutrient status of the tree. Identification of
indicator species and further investigation of the autecology of im-
portant fungi will help determine whether the changes in communities
are positive or negative for a functioning boreal forest ecosystem. In
particular, the shift we identify from an oligotrophic to copiotrophic
microbial community could, at least partially, be driven by an altered N
supply to the trees, from one dominated by organic N compounds
produced through the action of exoenzymes of saprotrophic and my-
corrhizal fungi, to one dominated by the supplied inorganic N sources
ammonium and nitrate. The extent to which this suppression of N ex-
traction from soil organic matter also leads to a higher rate of soil C
accumulation merits further studies.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The datasets generated and/or analysed during the current study
were deposited to the European Nucleotide Archive (ENA, www.ebi.ac.
uk/ena) and are available under the accession number PRJEB21692.

Conflicts of interest

The authors declare that they have no competing interests.

Funding

This work was supported by funding from HolmenSkog AB and
Berzelii Centre for Forest Biotechnology to VH and TN and from the
Swedish University of Agricultural Science's Trees and Crops for the
Future (TC4F) program to VH and NRS.

Authors ' contributions

VH and TN planned and designed the study. JCH performed the
experiments and analysed the data together with NRS, AS and VH. JCH
wrote the initial draft of the manuscript. JCH, NRS, AS, NML, MNH, TN,
VH edited the manuscript into its final form. All authors read and ap-
proved the final manuscript.

Authors ' information

Julia Christa Haas julia.haas@umu.se.
Nathaniel Robert Street nathaniel.street@umu.se.
Andreas Sjödin andreas.sjodin@foi.se.
Natuschka Mei-Ling Lee natuschka.lee@umu.se.
Mona Nordström Högberg mona.n.hogberg@slu.se.
Torgny Näsholm torgny.nasholm@slu.se.
Vaughan Hurry vaughan.hurry@slu.se.

Acknowledgements

Christian G Klatt and Mathieu Castelain for assistance with field and
laboratory work, Åsa Boily and members of the Stable Isotope
Laboratory located at the Swedish University of Agricultural Sciences in
Umeå for the total C and N analysis.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://

J.C. Haas et al. Soil Biology and Biochemistry 125 (2018) 197–209

206

http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
mailto:julia.haas@umu.se
mailto:nathaniel.street@umu.se
mailto:andreas.sjodin@foi.se
mailto:natuschka.lee@umu.se
mailto:mona.n.hogberg@slu.se
mailto:torgny.nasholm@slu.se
mailto:vaughan.hurry@slu.se
https://doi.org/10.1016/j.soilbio.2018.07.005


doi.org/10.1016/j.soilbio.2018.07.005.

References

Agerer, R., 2001. Exploration types of ectomycorrhizae - a proposal to classify ectomy-
corrhizal mycelial systems according to their patterns of differentiation and putative
ecological importance. Mycorrhiza 11, 107–114.

Allison, S.D., Czimczik, C.I., Treseder, K.K., 2008. Microbial activity and soil respiration
under nitrogen addition in Alaskan boreal forest. Global Change Biology 14,
1156–1168.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment
search tool. Journal of Molecular Biology 215, 403–410.

Arnebrant, K., Söderström, B., 1992. Effects of different fertilizer treatments on ecto-
mycorrhizal colonization potential in two Scots pine forests in Sweden. Forest
Ecology and Management 53, 77–89.

Arnold, A.E., Henk, D.A., Eells, R.L., Lutzoni, F., Vilgalys, R., 2007. Diversity and phy-
logenetic affinities of foliar fungal endophytes in loblolly pine inferred by culturing
and environmental PCR. Mycologia 99, 185–206.

Arnold, A.E., Lutzoni, F., 2007. Diversity and host range of foliar fungal endophytes: are
tropical leaves biodiversity hotspots? Ecology 88, 541–549.

Avis, P.G., McLaughlin, D.J., Dentinger, B.C., Reich, P.B., 2003. Long-term increase in
nitrogen supply alters above- and below-ground ectomycorrhizal communities and
increases the dominance of Russula spp. in a temperate oak savanna. New Phytologist
160, 239–253.

Baldrian, P., Kolařík, M., Štursová, M., Kopecký, J., Valášková, V., Větrovský, T.,
Žifčáková, L., Šnajdr, J., Rídl, J., Vlček, C., Voříšková, J., 2012. Active and total
microbial communities in forest soil are largely different and highly stratified during
decomposition. The ISME Journal 6, 248–258.

Bálint, M., Tiffin, P., Hallström, B., O'Hara, R.B., Olson, M.S., Fankhauser, J.D.,
Piepenbring, M., Schmitt, I., 2013. Host genotype shapes the foliar fungal micro-
biome of balsam poplar (Populus balsamifera). PLoS One 8, e53987.

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., De Wit,
P., Sánchez-García, M., Ebersberger, I., de Sousa, F., Amend, A., Jumpponen, A.,
Unterseher, M., Kristiansson, E., Abarenkov, K., Bertrand, Y.J.K., Sanli, K., Eriksson,
K.M., Vik, U., Veldre, V., Nilsson, R.H., 2013. Improved software detection and ex-
traction of ITS1 and ITS2 from ribosomal ITS sequences of fungi and other eukaryotes
for analysis of environmental sequencing data. Methods in Ecology and Evolution 4,
914–919.

Bergh, J., Linder, S., Lundmark, T., Elfving, B., 1999. The effect of water and nutrient
availability on the productivity of Norway spruce in northern and southern Sweden.
Forest Ecology and Management 119, 51–62.

Bodenhausen, N., Horton, M.W., Bergelson, J., 2013. Bacterial communities associated
with the leaves and the roots of Arabidopsis thaliana. PLoS One 8, e56329.

Bonfante, P., Anca, I.A., 2009. Plants, mycorrhizal fungi, and bacteria: a network of in-
teractions. Annual Review of Microbiology 63, 363–383.

Bulgarelli, D., Rott, M., Schlaeppi, K., van Themaat, E.V.L., Ahmadinejad, N., Assenza, F.,
Rauf, P., Huettel, B., Reinhardt, R., Schmelzer, E., Peplies, J., Gloeckner, F.O.,
Amann, R., Eickhorst, T., Schulze-Lefert, P., 2012. Revealing structure and assembly
cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91–95.

Burke, D.J., Dunham, S.M., Kretzer, A.M., 2008. Molecular analysis of bacterial com-
munities associated with the roots of Douglas fir (Pseudotsuga menziesii) colonized by
different ectomycorrhizal fungi. FEMS Microbiology Ecology 65, 299–309.

Burke, D.J., Kretzer, A.M., Rygiewicz, P.T., Topa, M.A., 2006. Soil bacterial diversity in a
loblolly pine plantation: influence of ectomycorrhizas and fertilization. FEMS
Microbiology Ecology 57, 409–419.

Cairney, J.W.G., Meharg, A.A., 2002. Interactions between ectomycorrhizal fungi and soil
saprotrophs: implications for decomposition of organic matter in soils and degrada-
tion of organic pollutants in the rhizosphere. Canadian Journal of Botany 80,
803–809.

Campbell, B.J., Polson, S.W., Hanson, T.E., Mack, M.C., Schuur, E.A.G., 2010. The effect
of nutrient deposition on bacterial communities in Arctic tundra soil. Environmental
Microbiology 12, 1842–1854.

Caporaso, J.G., Bittinger, K., Bushman, F.D., DeSantis, T.Z., Andersen, G.L., Knight, R.,
2010a. PyNAST: a flexible tool for aligning sequences to a template alignment.
Bioinformatics 26, 266–267.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Peña, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Tumbaugh, P.J., Walters, W.A., Widmann, J.,
Yatsunenko, T., Zaneveld, J., Knight, R., 2010b. QIIME allows analysis of high-
throughput community sequencing data. Nature Methods 7, 335–336.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens,
S.M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J.A., Smith, G., Knight, R.,
2012. Ultra-high-throughput microbial community analysis on the Illumina HiSeq
and MiSeq platforms. The ISME Journal 6, 1621–1624.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., Turnbaugh,
P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of America 108, 4516–4522.

Cole, J.R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Farris, R.J., Kulam-Syed-Mohideen,
A.S., McGarrell, D.M., Marsh, T., Garrity, G.M., Tiedje, J.M., 2009. The Ribosomal
Database Project: improved alignments and new tools for rRNA analysis. Nucleic
Acids Research 37, D141–D145.

Colpaert, J.V., van Assche, J.A., Luijtens, K., 1992. The growth of the extramatrical
mycelium of ectomycorrhizal fungi and the growth-response of Pinus Silvestris L. New

Phytologist 120, 127–135.
Conn, C., Dighton, J., 2000. Litter quality influences on decomposition, ectomycorrhizal

community structure and mycorrhizal root surface acid phosphatase activity. Soil
Biology and Biochemistry 32, 489–496.

Cox, F., Barsoum, N., Lilleskov, E.A., Bidartondo, M.I., 2010. Nitrogen availability is a
primary determinant of conifer mycorrhizas across complex environmental gradients.
Ecology Letters 13, 1103–1113.

Dahlberg, A., 2001. Community ecology of ectomycorrhizal fungi: an advancing inter-
disciplinary field. New Phytologist 150, 555–562.

DeAngelis, K.M., Silver, W.L., Thompson, A.W., Firestone, M.K., 2010. Microbial com-
munities acclimate to recurring changes in soil redox potential status. Environmental
Microbiology 12, 3137–3149.

DeBellis, T., Kernaghan, G., Bradley, R., Widden, P., 2006. Relationships between stand
composition and ectomycorrhizal community structure in boreal mixed-wood forests.
Microbial Ecology 52, 114–126.

Demoling, F., Nilsson, L.O., Bååth, E., 2008. Bacterial and fungal response to nitrogen
fertilization in three coniferous forest soils. Soil Biology and Biochemistry 40,
370–379.

Dighton, J., Morale Bonilla, A.S., Jimînez-Nûñez, R.A., Martînez, N., 2000. Determinants
of leaf litter patchiness in mixed species New Jersey pine barrens forest and its
possible influence on soil and soil biota. Biology and Fertility of Soils 31, 288–293.

Dixon, P., 2003. VEGAN, a package of R functions for community ecology. Journal of
Vegetation Science 14, 927–930.

Eddy, S.R., 2011. Accelerated profile HMM searches. PLoS Computational Biology 7,
e1002195.

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200.

FAO, 2010. Global Forest Resources Assessment 2010-Main Report. FAO Forestry paper,
Rome, Italy.

Flückiger, W., Braun, S., 1998. Nitrogen deposition in Swiss forests and its possible re-
levance for leaf nutrient status, parasite attacks and soil acidification. Environmental
Pollution 102, 69–76.

Fransson, P., Andersson, A., Norström, S., Bylund, D., Bent, E., 2016. Ectomycorrhizal
exudates and pre-exposure to elevated CO2 affects soil bacterial growth and com-
munity structure. Fungal Ecology 20, 211–224.

Fransson, P.M.A., Taylor, A.F.S., Finlay, R.D., 2000. Effects of continuous optimal ferti-
lization on belowground ectomycorrhizal community structure in a Norway spruce
forest. Tree Physiology 20, 599–606.

Frey, S.D., Knorr, M., Parrent, J.L., Simpson, R.T., 2004. Chronic nitrogen enrichment
affects the structure and function of the soil microbial community in temperate
hardwood and pine forests. Forest Ecology and Management 196, 159–171.

Garbaye, J., 1994. Mycorrhization helper bacteria: a new dimension to the mycorrhizal
symbiosis. Acta Botanica Gallica 141, 517–521.

Gardes, M., Bruns, T.D., 1996. Community structure of ectomycorrhizal fungi in a Pinus
muricata forest: above- and below-ground views. Canadian Journal of Botany 74,
1572–1583.

Gehring, C.A., Mueller, R.C., Whitham, T.G., 2006. Environmental and genetic effects on
the formation of ectomycorrhizal and arbuscular mycorrhizal associations in cot-
tonwoods. Oecologia 149, 158–164.

Glassman, S.I., Peay, K.G., Talbot, J.M., Smith, D.P., Chung, J.A., Taylor, J.W., Vilgalys,
R., Bruns, T.D., 2015. A continental view of pine-associated ectomycorrhizal fungal
spore banks: a quiescent functional guild with a strong biogeographic pattern. New
Phytologist 205, 1619–1631.

Griffiths, R.I., Whiteley, A.S., O'Donnell, A.G., Bailey, M.J., 2000. Rapid method for co-
extraction of DNA and RNA from natural environments for analysis of ribosomal
DNA- and rRNA-based microbial community composition. Applied and
Environmental Microbiology 66, 5488–5491.

Hanania, U., Velcheva, M., Sahar, N., Perl, A., 2004. An improved method for isolating
high-quality DNA from Vitis vinifera nuclei. Plant Molecular Biology Reporter 22,
173–177.

Hartmann, M., Howes, C.G., VanInsberghe, D., Yu, H., Bachar, D., Christen, R., Nilsson,
R.H., Hallam, S.J., Mohn, W.W., 2012. Significant and persistent impact of timber
harvesting on soil microbial communities in Northern coniferous forests. The ISME
Journal 6, 2199–2218.

Hartmann, M., Lee, S., Hallam, S.J., Mohn, W.W., 2009. Bacterial, archaeal and eukaryal
community structures throughout soil horizons of harvested and naturally disturbed
forest stands. Environmental Microbiology 11, 3045–3062.

Heinonsalo, J., Jørgensen, K.S., Sen, R., 2001. Microcosm-based analyses of Scots pine
seedling growth, ectomycorrhizal fungal community structure and bacterial carbon
utilization profiles in boreal forest humus and underlying illuvial mineral horizons.
FEMS Microbiology Ecology 36, 73–84.

Hellsten, S., Helmisaari, H.S., Melin, Y., Skovsgaard, J.P., Kaakinen, S., Kukkola, M.,
Saarsalmi, A., Petersson, H., Akselsson, C., 2013. Nutrient concentrations in stumps
and coarse roots of Norway spruce, Scots pine and silver birch in Sweden, Finland and
Denmark. Forest Ecology and Management 290, 40–48.

Högberg, M.N., Myrold, D.D., Giesler, R., Högberg, P., 2006. Contrasting patterns of soil
N-cycling in model ecosystems of Fennoscandian boreal forests. Oecologia 147,
96–107.

Högberg, M.N., Yarwood, S.A., Myrold, D.D., 2014. Fungal but not bacterial soil com-
munities recover after termination of decadal nitrogen additions to boreal forest. Soil
Biology and Biochemistry 72, 35–43.

Horton, M.W., Bodenhausen, N., Beilsmith, K., Meng, D.Z., Muegge, B.D., Subramanian,
S., Vetter, M.M., Vilhjálmsson, B.J., Nordborg, M., Gordon, J.I., Bergelson, J., 2014.
Genome-wide association study of Arabidopsis thaliana leaf microbial community.
Nature Communications 5, 5320.

Horton, T.R., Bruns, T.D., 2001. The molecular revolution in ectomycorrhizal ecology:

J.C. Haas et al. Soil Biology and Biochemistry 125 (2018) 197–209

207

https://doi.org/10.1016/j.soilbio.2018.07.005
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref1
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref1
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref1
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref2
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref2
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref2
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref3
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref3
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref4
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref4
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref4
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref5
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref5
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref5
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref6
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref6
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref7
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref7
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref7
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref7
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref8
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref8
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref8
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref8
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref9
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref9
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref9
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref10
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref11
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref11
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref11
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref12
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref12
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref13
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref13
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref14
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref14
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref14
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref14
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref15
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref15
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref15
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref16
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref16
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref16
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref17
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref17
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref17
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref17
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref18
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref18
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref18
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref19
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref19
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref19
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref20
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref21
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref21
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref21
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref21
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref22
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref22
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref22
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref22
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref23
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref23
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref23
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref23
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref24
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref24
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref24
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref25
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref25
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref25
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref26
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref26
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref26
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref27
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref27
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref28
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref28
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref28
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref29
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref29
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref29
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref30
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref30
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref30
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref31
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref31
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref31
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref32
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref32
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref33
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref33
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref34
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref34
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref35
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref35
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref36
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref36
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref36
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref37
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref37
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref37
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref38
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref38
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref38
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref39
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref39
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref39
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref40
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref40
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref41
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref41
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref41
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref42
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref42
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref42
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref43
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref43
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref43
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref43
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref44
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref44
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref44
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref44
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref45
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref45
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref45
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref46
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref46
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref46
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref46
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref47
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref47
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref47
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref48
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref48
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref48
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref48
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref49
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref49
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref49
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref49
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref50
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref50
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref50
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref51
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref51
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref51
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref52
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref52
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref52
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref52
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref53


peeking into the black-box. Molecular Ecology 10, 1855–1871.
Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric

models. Biometrical Journal 50, 346–363.
Iivonen, S., Kaakinen, S., Jolkkonen, A., Vapaavuori, E., Linder, S., 2006. Influence of

long-term nutrient optimization on biomass, carbon, and nitrogen acquisition and
allocation in Norway spruce. Canadian Journal of Forest Research 36, 1563–1571.

IPCC, 2013. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: the Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, (Cambridge, U.K. and New York, U.S).

Jonsson, L., Anders, D., Tor-Erik, B., 2000. Spatiotemporal distribution of an ectomy-
corrhizal community in an oligotrophic Swedish Picea abies forest subjected to ex-
perimental nitrogen addition: above- and below-ground views. Forest Ecology and
Management 132, 143–156.

Jumpponen, A., Jones, K.L., 2009. Massively parallel 454 sequencing indicates hyperdi-
verse fungal communities in temperate Quercus macrocarpa phyllosphere. New
Phytologist 184, 438–448.

Jumpponen, A., Jones, K.L., 2010. Seasonally dynamic fungal communities in the
Quercus macrocarpa phyllosphere differ between urban and nonurban environments.
New Phytologist 186, 496–513.

Kårén, O., Nylund, J.-E., 1997. Effects of ammonium sulphate on the community structure
and biomass of ectomycorrhizal fungi in a Norway spruce stand in southwestern
Sweden. Canadian Journal of Botany 75, 1628–1642.

Kjøller, R., Nilsson, L.-O., Hansen, K., Schmidt, I.K., Vesterdal, L., Gundersen, P., 2012.
Dramatic changes in ectomycorrhizal community composition, root tip abundance
and mycelial production along a stand-scale nitrogen deposition gradient. New
Phytologist 194, 278–286.

Kõljalg, U., Larsson, K.H., Abarenkov, K., Nilsson, R.H., Alexander, I.J., Eberhardt, U.,
Erland, S., Høiland, K., Kjøller, R., Larsson, E., Pennanen, T., Sen, R., Taylor, A.F.S.,
Tedersoo, L., Vrålstad, T., Ursing, B.M., 2005. UNITE: a database providing web-
based methods for the molecular identification of ectomycorrhizal fungi. New
Phytologist 166, 1063–1068.

Koyama, A., Wallenstein, M.D., Simpson, R.T., Moore, J.C., 2014. Soil bacterial com-
munity composition altered by increased nutrient availability in Arctic tundra soils.
Frontiers in Microbiology 5, 516.

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K., Schloss, P.D., 2013.
Development of a dual-index sequencing strategy and curation pipeline for analyzing
amplicon sequence data on the MiSeq Illumina sequencing platform. Applied and
Environmental Microbiology 79, 5112–5120.

Kranabetter, J., 2004. Ectomycorrhizal community effects on hybrid spruce seedling
growth and nutrition in clearcuts. Canadian Journal of Botany 82, 983–991.

Kranabetter, J.M., Dawson, C.R., Dunn, D.E., 2007. Indices of dissolved organic nitrogen,
ammonium and, nitrate across productivity gradients of boreal forests. Soil Biology
and Biochemistry 39, 3147–3158.

Kranabetter, J.M., Durall, D.M., MacKenzie, W.H., 2009. Diversity and species distribu-
tion of ectomycorrhizal fungi along productivity gradients of a southern boreal forest.
Mycorrhiza 19, 99–111.

Kranabetter, J.M., Simard, S.W., 2008. Inverse relationship between understory light and
foliar nitrogen along productivity gradients of boreal forests. Canadian Journal of
Forest Research 38, 2487–2496.

Kurth, F., Zeitler, K., Feldhahn, L., Neu, T.R., Weber, T., Krištůfek, V., Wubet, T.,
Herrmann, S., Buscot, F., Tarkka, M.T., 2013. Detection and quantification of a
mycorrhization helper bacterium and a mycorrhizal fungus in plant-soil microcosms
at different levels of complexity. BMC Microbiology 13, 205.

Leff, J.W., Jones, S.E., Prober, S.M., Barberán, A., Borer, E.T., Firn, J.L., Harpole, W.S.,
Hobbie, S.E., Hofmockel, K.S., Knops, J.M.H., McCulley, R.L., La Pierre, K., Risch,
A.C., Seabloom, E.W., Schütz, M., Steenbock, C., Stevens, C.J., Fierer, N., 2015.
Consistent responses of soil microbial communities to elevated nutrient inputs in
grasslands across the globe. Proceedings of the National Academy of Sciences of the
United States of America 112, 10967–10972.

Lilleskov, E.A., Fahey, T.J., Horton, T.R., Lovett, G.M., 2002. Belowground ectomycor-
rhizal fungal community change over a nitrogen deposition gradient in Alaska.
Ecology 83, 104–115.

Lilleskov, E.A., Fahey, T.J., Lovett, G.M., 2001. Ectomycorrhizal fungal aboveground
community change over an atmospheric nitrogen deposition gradient. Ecological
Applications 11, 397–410.

Lindahl, B.D., Nilsson, R.H., Tedersoo, L., Abarenkov, K., Carlsen, T., Kjøller, R., K õljalg,
U., Pennanen, T., Rosendahl, S., Stenlid, J., Kauserud, H., 2013. Fungal community
analysis by high-throughput sequencing of amplified markers - a user's guide. New
Phytologist 199, 288–299.

Lindberg, N., Persson, T., 2004. Effects of long-term nutrient fertilisation and irrigation on
the microarthropod community in a boreal Norway spruce stand. Forest Ecology and
Management 188, 125–135.

Linder, S., 1995. Foliar analysis for detecting and correcting nutrient imbalances in
Norway Spruce. Ecological Bulletins 44, 178–190.

Linder, S., Flower-Ellis, J., 1992. Environmental and physiological constraints to forest
yield. In: Teller, A., Mathy, P., Jeffers, J.N.R. (Eds.), Responses of Forest Ecosystems
to Environmental Changes. Springer-Verlag, Dordrecht, Netherlands, pp. 149–164.

Long, X., Chen, C., Xu, Z., Linder, S., He, J., 2012. Abundance and community structure of
ammonia oxidizing bacteria and archaea in a Sweden boreal forest soil under 19-year
fertilization and 12-year warming. Journal of Soils and Sediments 12, 1124–1133.

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and dis-
persion for RNA-seq data with DESeq2. Genome Biology 15, 550.

Lundberg, D.S., Lebeis, S.L., Paredes, S.H., Yourstone, S., Gehring, J., Malfatti, S.,
Tremblay, J., Engelbrektson, A., Kunin, V., del Rio, T.G., Edgar, R.C., Eickhorst, T.,
Ley, R.E., Hugenholtz, P., Tringe, S.G., Dangl, J.L., 2012. Defining the core

Arabidopsis thaliana root microbiome. Nature 488, 86–90.
Lundberg, D.S., Yourstone, S., Mieczkowski, P., Jones, C.D., Dangl, J.L., 2013. Practical

innovations for high-throughput amplicon sequencing. Nature Methods 10,
999–1002.

Magoč, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27, 2957–2963.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet 17, 10–12.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 8, e61217.

Millberg, H., Boberg, J., Stenlid, J., 2015. Changes in fungal community of Scots pine
(Pinus sylvestris) needles along a latitudinal gradient in Sweden. Fungal Ecology 17,
126–139.

Müller, M.M., Valjakka, R., Suokko, A., Hantula, J., 2001. Diversity of endophytic fungi of
single Norway spruce needles and their role as pioneer decomposers. Molecular
Ecology 10, 1801–1810.

Nara, K., 2006. Pioneer dwarf willow may facilitate tree succession by providing late
colonizers with compatible ectomycorrhizal fungi in a primary successional volcanic
desert. New Phytologist 171, 187–198.

Nguyen, N.H., Bruns, T.D., 2015. The microbiome of Pinus muricata ectomycorrhizae:
community assemblages, fungal species effects, and Burkholderia as important bac-
teria in multipartnered symbioses. Microbial Ecology 69, 914–921.

Nguyen, N.H., Smith, D., Peay, K., Kennedy, P., 2015. Parsing ecological signal from noise
in next generation amplicon sequencing. New Phytologist 205, 1389–1393.

Nilsson, L.O., Giesler, R., Bååth, E., Wallander, H., 2005. Growth and biomass of my-
corrhizal mycelia in coniferous forests along short natural nutrient gradients. New
Phytologist 165, 613–622.

Nilsson, L.O., Wallander, H., 2003. Production of external mycelium by ectomycorrhizal
fungi in a Norway spruce forest was reduced in response to nitrogen fertilization.
New Phytologist 158, 409–416.

Olsson, P., Linder, S., Giesler, R., Högberg, P., 2005. Fertilization of boreal forest reduces
both autotrophic and heterotrophic soil respiration. Global Change Biology 11,
1745–1753.

Osono, T., 2006. Role of phyllosphere fungi of forest trees in the development of de-
composer fungal communities and decomposition processes of leaf litter. Canadian
Journal of Microbiology 52, 701–716.

Pillai, P., Gouhier, T.C., Vollmer, S.V., 2014. The cryptic role of biodiversity in the
emergence of host-microbial mutualisms. Ecology Letters 17, 1437–1446.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., 2016. Nlme: Linear and Nonlinear Mixed
Effects Models.R Package Version 3.1-128.

Price, M.N., Dehal, P.S., Arkin, A.P., 2010. FastTree 2-Approximately maximum-like-
lihood trees for large alignments. PLoS One 5, e9490.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glöckner,
F.O., 2013. The SILVA ribosomal RNA gene database project: improved data pro-
cessing and web-based tools. Nucleic Acids Research 41, D590–D596.

R Development Core Team, 2016. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Ramirez, K.S., Lauber, C.L., Knight, R., Bradford, M.A., Fierer, N., 2010. Consistent effects
of nitrogen fertilization on soil bacterial communities in contrasting systems. Ecology
91, 3463–3470.

Read, D.J., Leake, J.R., Perez-Moreno, J., 2004. Mycorrhizal fungi as drivers of ecosystem
processes in heathland and boreal forest biomes. Canadian Journal of Botany 82,
1243–1263.

Read, D.J., Perez-Moreno, J., 2003. Mycorrhizas and nutrient cycling in ecosystems – a
journey towards relevance? New Phytologist 157, 475–492.

Robinson, C.H., 2002. Controls on decomposition and soil nitrogen availability at high
latitudes. Plant and Soil 242, 65–81.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, e2584.

Rúa, M.A., Wilson, E.C., Steele, S., Munters, A.R., Hoeksema, J.D., Frank, A.C., 2016.
Associations between ectomycorrhizal fungi and bacterial needle endophytes in Pinus
radiata: implications for biotic selection of microbial communities. Frontiers in
Microbiology 7, 399.

Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: challenges of a changing
paradigm. Ecology 85, 591–602.

Schmidt, P.-A., Bálint, M., Greshake, B., Bandow, C., Römbke, J., Schmitt, I., 2013.
Illumina metabarcoding of a soil fungal community. Soil Biology and Biochemistry
65, 128–132.

Schoch, C.L., Shoemaker, R.A., Seifert, K.A., Hambleton, S., Spatafora, J.W., Crous, P.W.,
2006. A multigene phylogeny of the Dothideomycetes using four nuclear loci.
Mycologia 98, 1041–1052.

Schrey, S.D., Schellhammer, M., Ecke, M., Hampp, R., Tarkka, M.T., 2005. Mycorrhiza
helper bacterium Streptomyces AcH 505 induces differential gene expression in the
ectomycorrhizal fungus Amanita muscaria. New Phytologist 168, 205–216.

Seith, B., George, E., Marschner, H., Wallenda, T., Schaeffer, C., Einig, W., Wingler, A.,
Hampp, R., 1996. Effects of varied soil nitrogen supply on Norway spruce (Picea abies
[L.] Karst.). I. Shoot and root growth and nutrient uptake. Plant and Soil 184,
291–298.

Sessitsch, A., Weilharter, A., Gerzabek, M.H., Kirchmann, H., Kandeler, E., 2001.
Microbial population structures in soil particle size fractions of a long-term fertilizer
field experiment. Applied and Environmental Microbiology 67, 4215–4224.

Sun, H., Terhonen, E., Koskinen, K., Paulin, L., Kasanen, R., Asiegbu, F.O., 2014. Bacterial
diversity and community structure along different peat soils in boreal forest. Applied
Soil Ecology 74, 37–45.

Swaty, R.L., Deckert, R.J., Whitham, T.G., Gehring, C.A., 2004. Ectomycorrhizal abun-
dance and community composition shifts with drought: predictions from tree rings.

J.C. Haas et al. Soil Biology and Biochemistry 125 (2018) 197–209

208

http://refhub.elsevier.com/S0038-0717(18)30233-5/sref53
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref54
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref54
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref55
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref55
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref55
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref56
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref56
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref56
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref56
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref57
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref57
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref57
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref57
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref58
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref58
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref58
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref59
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref59
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref59
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref60
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref60
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref60
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref61
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref61
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref61
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref61
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref62
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref62
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref62
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref62
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref62
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref63
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref63
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref63
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref64
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref64
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref64
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref64
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref65
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref65
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref66
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref66
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref66
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref67
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref67
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref67
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref68
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref68
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref68
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref69
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref69
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref69
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref69
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref70
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref71
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref71
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref71
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref72
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref72
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref72
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref73
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref73
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref73
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref73
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref74
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref74
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref74
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref75
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref75
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref76
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref76
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref76
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref77
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref77
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref77
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref78
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref78
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref79
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref79
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref79
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref79
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref80
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref80
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref80
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref81
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref81
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref82
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref82
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref83
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref83
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref84
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref84
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref84
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref85
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref85
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref85
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref86
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref86
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref86
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref87
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref87
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref87
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref88
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref88
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref89
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref89
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref89
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref90
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref90
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref90
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref91
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref91
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref91
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref92
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref92
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref92
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref93
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref93
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref94
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref94
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref95
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref95
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref96
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref96
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref96
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref97
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref97
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref98
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref98
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref98
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref99
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref99
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref99
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref100
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref100
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref101
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref101
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref102
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref102
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref103
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref103
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref103
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref103
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref104
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref104
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref105
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref105
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref105
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref106
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref106
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref106
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref107
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref107
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref107
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref108
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref108
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref108
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref108
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref109
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref109
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref109
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref110
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref110
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref110
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref111
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref111


Ecology 85, 1072–1084.
Tamm, C.O., 1991. Nitrogen in Terrestrial Ecosystems: Questions of Productivity,

Vegetational Changes, and Ecosystem Stability. Springer-Verlag, Berlin, Germany.
Taylor, A.F.S., Martin, F., Read, D.J., 2000. Fungal diversity in ectomycorrhizal com-

munities of Norway spruce (Picea abies [L.] Karst.) and Beech (Fagus sylvatica L.)
along north-south transects in Europe. In: Schulze, E.-D. (Ed.), Carbon and Nitrogen
Cycling in European Forest Ecosystems. Springer-Verlag, Berlin, Heidelberg,
Germany, pp. 343–365.

Treseder, K.K., 2004. A meta-analysis of mycorrhizal responses to nitrogen, phosphorus,
and atmospheric CO2 in field studies. New Phytologist 164, 347–355.

Treseder, K.K., Turner, K.M., Mack, M.C., 2007. Mycorrhizal responses to nitrogen fer-
tilization in boreal ecosystems: potential consequences for soil carbon storage. Global
Change Biology 13, 78–88.

Turlapati, S.A., Minocha, R., Bhiravarasa, P.S., Tisa, L.S., Thomas, W.K., Minocha, S.C.,
2013. Chronic N-amended soils exhibit an altered bacterial community structure in
Harvard Forest, MA, USA. FEMS Microbiology Ecology 83, 478–493.

Twieg, B.D., Durall, D.M., Simard, S.W., 2007. Ectomycorrhizal fungal succession in
mixed temperate forests. New Phytologist 176, 437–447.

Uroz, S., Courty, P.E., Pierrat, J.C., Peter, M., Buée, M., Turpault, M.P., Garbaye, J., Frey-
Klett, P., 2013. Functional profiling and distribution of the forest soil bacterial
communities along the soil mycorrhizosphere continuum. Microbial Ecology 66,
404–415.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., Dufresne, A., 2015. The
importance of the microbiome of the plant holobiont. New Phytologist 206,
1196–1206.

Vik, U., Logares, R., Blaalid, R., Halvorsen, R., Carlsen, T., Bakke, I., Kolstø, A.B., Økstad,
O.A., Kauserud, H., 2013. Different bacterial communities in ectomycorrhizae and
surrounding soil. Scientific Reports 3, 3471.

Wagner, M.R., Lundberg, D.S., del Rio, T.G., Tringe, S.G., Dangl, J.L., Mitchell-Olds, T.,

2016. Host genotype and age shape the leaf and root microbiomes of a wild perennial
plant. Nature Communications 7, 12151.

Wallenda, T., Kottke, I., 1998. Nitrogen deposition and cctomycorrhizas. The New
Phytologist 139, 169–187.

Wallenda, T., Schaeffer, C., Einig, W., Wingler, A., Hampp, R., Seith, B., George, E.,
Marschner, H., 1996. Effects of varied soil nitrogen supply on Norway spruce (Picea
abies [L.] Karst.). II. Carbon metabolism in needles and mycorrhizal roots. Plant and
Soil 186, 361–369.

Wallenstein, M.D., McNulty, S., Fernandez, I.J., Boggs, J., Schlesinger, W.H., 2006.
Nitrogen fertilization decreases forest soil fungal and bacterial biomass in three long-
term experiments. Forest Ecology and Management 222, 459–468.

Warmink, J.A., Nazir, R., van Elsas, J.D., 2009. Universal and species-specific bacterial
'fungiphiles' in the mycospheres of different basidiomycetous fungi. Environmental
Microbiology 11, 300–312.

Werner, R.A., Bruch, B.A., Brand, W.A., 1999. ConFlo III - an interface for high precision
delta(13)C and delta(15)N analysis with an extended dynamic range. Rapid
Communications in Mass Spectrometry 13, 1237–1241.

White, T.J., Bruns, T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis, M.A., Gelfand, D.H.,
Shinsky, J.J., White, T.J. (Eds.), PCR Protocols: a Guide to Methods and Applications.
Academic Press, San Diego, U.S, pp. 315–322.

Yarwood, S.A., Myrold, D.D., Högberg, M.N., 2009. Termination of belowground C al-
location by trees alters soil fungal and bacterial communities in a boreal forest. FEMS
Microbiology Ecology 70, 151–162.

Zarraonaindia, I., Owens, S.M., Weisenhorn, P., West, K., Hampton-Marcell, J., Lax, S.,
Bokulich, N.A., Mills, D.A., Martin, G., Taghavi, S., van der Lelie, D., Gilbert, J.A.,
2015. The soil microbiome influences grapevine-associated microbiota. mBio 6
e02527–02514.

J.C. Haas et al. Soil Biology and Biochemistry 125 (2018) 197–209

209

http://refhub.elsevier.com/S0038-0717(18)30233-5/sref111
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref112
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref112
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref113
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref113
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref113
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref113
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref113
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref114
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref114
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref115
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref115
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref115
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref116
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref116
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref116
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref117
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref117
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref118
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref118
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref118
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref118
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref119
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref119
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref119
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref120
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref120
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref120
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref121
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref121
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref121
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref122
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref122
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref123
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref123
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref123
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref123
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref124
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref124
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref124
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref125
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref125
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref125
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref126
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref126
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref126
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref127
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref127
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref127
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref127
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref128
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref128
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref128
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref129
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref129
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref129
http://refhub.elsevier.com/S0038-0717(18)30233-5/sref129

	Microbial community response to growing season and plant nutrient optimisation in a boreal Norway spruce forest
	Introduction
	Materials and methods
	Study site and sampling
	Microbial DNA extraction and sequencing
	Sequence analysis
	Ecological and statistical analyses
	Nutrient analysis and soil properties

	Results
	Norway spruce needles, roots and boreal forest soil host distinct fungal and bacterial communities
	Nutrient optimisation increased alpha diversity of belowground fungi and bacteria
	Changes in alpha diversity of phyllospheric fungal and bacterial communities follow seasonal dynamics

	Discussion
	Conclusions
	Ethics approval and consent to participate
	Consent for publication
	Availability of data and materials
	Conflicts of interest
	Funding
	Authors ' contributions
	Authors ' information
	Acknowledgements
	Supplementary data
	References




