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Soil appears to play a key role in the response of the forest ecosystems to N deposition.

Twenty years of experimental moderate N addition in a sub-alpine forest increased nitrate

leaching, but the soil immobilized most of the N input, gradually decreasing the C:N

ratio. Exchangeable and microbial N were only slightly affected, but denitrification and

N2O production were increased and soil respiration tended to be reduced while soil

microbial communities were remarkably resistant. It is assumed that these changes at

the process level are related to the soil microbiome, but soil microbial communities have

not been assessed so far at lower taxonomical resolution in this long-term experiment.

The aim of this study is to understand the underlying causes of the results obtained so

far by assessing how N treatment affects the soil microbiome at different soil depths. We

analyzed bacterial and fungal diversity and community structures using Illumina MiSeq

sequencing and quantified the responses of the N cycling communities to elevated

N loads by quantitative PCR. The microbial functions were assessed by respiration,

N mineralization, and potential nitrification. Bacterial and fungal α-diversity, observed

richness and Shannon diversity index, remained unchanged upon N addition. Multivariate

statistics showed shifts in the structures of fungal but not bacterial communities with

N load, while the changes were minor. Differences in the community compositions

associated with the N treatment were mainly observed at a lower taxonomical level.

We found several fungal OTUs in particular genera such as the ectomycorrhizal fungi

Hydnum, Piloderma, Amanita, and Tricholoma that decreased significantly with increased

N-loads. We conclude that long-term moderate N addition at this forest site did

not strongly affect the soil microbiome (which remained remarkably resistant) and

its functioning.

Keywords: forest ecosystems, nitrogen, ecosystem functioning, soil microbiome, Illumina MiSeq sequencing,

fungal communities, FUNGuild
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INTRODUCTION

As a result of human activities, forests are exposed to
unprecedented levels of N inputs (Bobbink et al., 2010; Schmitz
et al., 2019). Biologically reactive N is mainly emitted by fossil
fuel combustion or intensification of agriculture, leading to
atmospheric deposition over all types of ecosystems even at
long distance from sources (Galloway et al., 2008; Simpson
et al., 2014). Because N is a key element in ecosystem processes
(Nadelhoffer et al., 1999; Galloway et al., 2004), the effects of
increased N loads on temperate forests have been intensively
studied over the last three decades (e.g., Dise and Wright, 1995;
Bredemeier et al., 1998; Emmett et al., 1998; Aber, 2002).

In temperate and boreal forests, reactive N inputs have been
shown to alter tree growth and understory biomass, sometimes
positively, sometimes negatively, depending on the N status,
and other site factors (Solberg et al., 2009; Thomas et al., 2010;
Gundale et al., 2014; Forstner et al., 2019a). N deposition can
further accelerate soil acidification and base cation loss (Carnol
et al., 1997; Högberg et al., 2006; Forstner et al., 2019a), increase N
leaching (Carnol et al., 1997; Moldan andWright, 2011; Schleppi
et al., 2017), favor forest nutritional imbalances (Mooshammer
et al., 2014; Zechmeister-Boltenstern et al., 2015; Forstner et al.,
2019b) and affect the cycling and storage of soil organic C
(Treseder, 2008; Janssens et al., 2010; Maaroufi et al., 2015).
N deposition can also accelerate microbial soil processes that
are part of the N cycle, such as nitrification and denitrification
(Gundersen et al., 2012). However, N deposition often reduces
the overall soil biological activity as measured by respiration
(Janssens et al., 2010; Zhang et al., 2019) or extracellular enzyme
activities (Saiya-Cork et al., 2002; Sinsabaugh et al., 2002;
DeForest et al., 2004). Frey et al. (2014) reported that organic
horizon SOC pools increased by 33 and 52% in hardwood and
pine stands, respectively, whereas in mineral horizons SOC pools
did not respond to 20 years of N addition treatment (50 kg ha−1

y−1). In two Norway spruce stands, Forstner et al. (2019a) also
found an SOC increase in the organic layer, but compensated
by a decrease in the mineral soil. The main mechanisms behind
the observed increases in topsoil SOC appear to be higher litter
inputs to soil via stimulated tree productivity and a slower
decomposition of soil organic matter (SOM). There are, however,
contradictory reports on the effect of N deposition specifically
on the decomposition of less decomposable, recalcitrant SOM
(Janssens et al., 2010; Forstner et al., 2019a).

Earlier reports on soils from various forests revealed that N
addition reduces microbial biomass and activity (Bowden et al.,
2004; Frey et al., 2004; Wallenstein et al., 2006; Demoling et al.,
2008; Treseder, 2008). Shifts in fungal:bacterial (F:B) biomass
ratios (decrease in fungal biomass with little change in bacterial
biomass) indicate alterations in the composition of the microbial
community (Wallenstein et al., 2006). The decline in fungal
biomass was largely attributed to a decrease in ectomycorrhiza,
which form associations with trees, suggesting that fungi are
more sensitive to long-term N fertilization than bacteria. Most
previous research focused on soil bacterial communities in forests
(Shen et al., 2010; Turlapati et al., 2013), and we are aware of only
a few studies that examined changes in soil fungal community

composition following increased N loads (Boxman et al., 1998;
Allison et al., 2007; Edwards et al., 2011; Maaroufi et al., 2019).

Soil microorganisms, regulated by soil N availability, are
able to change the terrestrial C cycling by decomposition
and formation of soil organic matter (SOM) (Uroz et al.,
2016; Baldrian, 2017; Llado et al., 2017). For example, organic
substrate with a high N content can be rapidly decomposed
by microorganisms at the initial stage, resulting in large
accumulation of microbial products and concomitant formation
of stable SOM. In contrast, for substrate with a low N content,
more C tends to be respired rather than stored as stable
SOM (Cotrufo et al., 2013). However, it remains unclear how
moderate N addition regulates soil microbial biomass and
community composition in forest ecosystems, which constrains
our understanding of soil C cycling in response to N deposition.
Fungi dominate in the decomposition of the SOM with a low
nutrient content, because their nutrient demand and metabolic
activity are low compared to bacteria (Mooshammer et al.,
2014; Zechmeister-Boltenstern et al., 2015; Zhou et al., 2017).
Consequently, N additionmay decrease the F:B ratio. Meanwhile,
soil acidification induced by N addition is likely to increase the
F:B, because fungi are better adapted to environments with high
H+ concentration than bacteria (Högberg et al., 2006; Rousk
et al., 2010). However, the effect of N addition on soil microbial
biomass and community composition remains unclear and the
current fragmentary knowledge needs to be improved across
temperate forest ecosystems (Forstner et al., 2019b).

The effects of N deposition on forests largely depend upon soil
processes such as immobilization, mineralization, nitrification,
and denitrification. At the time scale of decades, soils tend to
accumulate most of the N inputs (Nadelhoffer et al., 1999), which
is reflected in a gradually decreasing soil C:N ratio (Gundersen
et al., 1998; Morier et al., 2010; Moldan and Wright, 2011).
While these overall processes are well-understood and somehow
quantified, the effects on the forest soil microbiome in the
context of increased atmospheric N deposition remain very
poorly studied, even if microorganisms are the main actors in
nutrient cycling and are likely affected by N deposition. Shifts
in microbial community diversity and composition through
anthropogenic stressors (e.g., atmospheric N deposition) may
lead to unpredictable alterations in critical ecosystem processes.

The present study builds on an existing long-term (>20 years)
N addition field experiment where atmospheric N deposition
is artificially increased by adding small but recurrent amounts
of ammonium nitrate (NH4NO3) dissolved in water. This
experiment is carried out in the Alptal valley, central Switzerland,
and it simulates a moderately increased N deposition (Schleppi
et al., 2017). The site is stocked by old Norway spruce trees
and the soil type is a relatively nutrient-rich Gleysol. From the
previous results of this field study, the soil appears to play a
key role in the reaction of the ecosystem to N deposition. The
experimental N addition increased nitrate leaching, but, as in
the comparable studies mentioned above, the soil immobilized
most of the N input, progressively decreasing its C:N ratio
(Schleppi et al., 2004). Denitrification and production of N2O
were increased and soil respiration tended to be reduced (Mohn
et al., 2000; Krause et al., 2013). The abundance and biodiversity
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of Collembola (feeding mainly on microbes) decreased due to the
N treatment (Xu et al., 2009). All these effects are likely linked to
modifications of the forest soil microbiome. As one of the few of
this kind and duration worldwide, the experiment offers a unique
chance to study how N deposition affects microbial communities
in natural forest soils in the long term.

Here, we analyzed the soil microbiome in different soil
horizons. More specifically, we studied the effects of the
long-term N addition on (i) the soil microbial biomass (by
fumigation/extraction and as the abundance of bacterial and
fungal marker genes), (ii) themicrobial diversity, and community
structure, and (iii) various aspects of ecosystem functions
such as respiration potential, N mineralization and nitrification
potential, fine root traits, together with quantifying key functions
of the microbiome to increased N loads by quantitative
polymerase chain reactions (qPCR). Genes encoding for enzymes
catalyzing major processes during N fixation (nifH), nitrification
(bacterial amoA, archaeal amoA, nxrB), and denitrification (nirS,
nosZ) were targeted. We specificially asked: (1) Do long-term
N addition change the microbial communities?; (2) Are these
changes evident in different soil layers?; (3) Are community
structure shifts represented in altered microbial functions in
terms of C and N cycling processes. We hypothesized that
chronic N inputs to forest soils alter the soil microbiota
compared to soils subjected to ambient deposition only, whereas
fungal communities react more strongly than bacterial ones,
with symbiotrophs more sensitive than saprotrophs. We further
hypothesized that chronic but low N loads induce significant
changes in N cycling gene abundances, which might therefore
alter nutrient availability of the forest systems.

MATERIALS AND METHODS

Study Site
The present study was conducted in a subalpine Norway spruce
forest (Picea abies (L.) Karst.) of the Alptal valley, in Central
Switzerland (47◦03N, 8◦43 E), at an elevation of 1,200m a.s.l.
Beside Norway spruce, the tree layer features about 15% silver
fir (Abies alba Mill). In the herb layer, Vaccinium spp. (L.),
Carex spp. (L.), Petasites albus [(L.) Gaertn.],Caltha palustris (L.),
Knautia dipsacifolia [(Host) Kreutzer], Chaerophyllum hirsutum
(L.), and Lycopodium annotitum (L.) make up most of the
biomass. The climate is cool andwet, with amean air temperature
of 6◦C and a mean annual precipitation of 2,300mm. Bulk
N deposition measured at the site is 12 kg ha−1 y−1, equally
partitioned between NH+

4 and NO−
3 . Throughfall N deposition

amounts to 17 kg ha−1 y−1 (Schleppi et al., 1998). According to
the scale of Mellert and Göttlein (2012) for foliar concentrations,
the nutrition of the Norway spruce can be considered as latent
deficient for N and P. For K, Ca, and Mg, concentrations are in
the normal range. The parent rock material of the site is Flysch,
composed of sedimentary conglomerates with clay-rich schists.
The slope is about 20% with a west aspect. Soils are very heavy
Gleysols. Because of the high clay content (on average 48%), they
have a high cation-exchange capacity but a low permeability. A
water table is present throughout the year, on average at a depth
of 23 cm (Krause et al., 2013). The pH of themineral soil increases

with depth, from 4.6 to 5.9 on the mounds and from 5.4 to 6.9 in
the depressions. Net nitrification rates (measured for of the upper
15 cm) are either positive at some locations, negative at others (N
immobilization). The net overall rate is overall not significantly
different from zero (Hagedorn et al., 2001b). More details about
the experimental site were given previously (Schleppi et al., 2017).

Nitrogen Treatment
The N addition experiment at Alptal started in 1995. It combines
a paired-catchment design (Schleppi et al., 2017) with a replicated
plot design (Mohn et al., 2000; Hagedorn et al., 2001a; Xu
et al., 2009; Krause et al., 2013). The ten 20-m2 plots of this
latter design were sampled for this study. Each of five N-
treated plots was paired with a nearby control plot of similar
micro-topography and vegetation. Nitrogen was added to treated
plots by sprinkling of NH4NO3 dissolved in rainwater (Schleppi
et al., 2017) during precipitation events. Hence, N addition
varied annually with local precipitation regime, amounting to
an average of 22 kg N ha−1 y−1 (Schleppi et al., 2017). Control
plots received the same amount of unaltered rainwater. In winter,
automatic irrigation was replaced by the occasional application
of concentrated NH4NO3 solution on top of the snowpack using
a backpack-sprayer.

Soil Sampling and Processing
We sampled soils in 2014 (September) and 2015 (June,
September). Three intact soil cores, 5 cm in diameter and 25 cm
deep, were taken from each plot, placed on ice and transported
to the laboratory. Within 24 h, each core was sectioned into
three soil horizons and these horizons were pooled over the
three cores from a single plot. From the top to the bottom of
the cores, these layers were on average 4.5 (A horizon), eight
(oxic B horizon), and nine (reduced B horizon) cm in thickness.
The litter layer (L) was separated. At the time of sampling
(September), before the main needle fall of the spuce trees and
before the decay of the annual plant species, there was few litter
(0.06 g cm−2 on average) on the ground. In this season, most of
the litter is almost decomposed and integrated in the A horizon.
For this reason, the L layer was not further considered in the
present study. This sampling scheme thus yielded a total of 30
samples (2 treatments × 3 horizons × 5 replicates). Samples
were homogenized by passing through a 2-mm sieve. Fine roots
(<2mm) were removed from sieved soils using forceps. Aliquots
of field-moist soil were stored at 4◦C up to 2 weeks for analysis
of microbial activities. Subsamples were stored at −18◦C until
analysis of DNA. Gravimetric water content was determined
from subsamples dried to constant mass at 65◦C. Soil C and N
concentrations were measured from milled soil material using
an elemental analyzer (Euro-EA, Hekatech GmbH, Germany)
coupled to a continuous flow isotope ratio mass spectrometer
(Delta-V Advanced IRMS, Thermo GmbH, Germany).

Fine-Roots Traits
After removing fine roots from soils, they were washed under
rinsing demineralized water and stored in plastic bags at 4◦C up
to 2 weeks for analysis of fine-root traits. Firstly, the fine roots
were scanned using a scanner, and the scanned pictures were
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analyzed using the WinRHIZO software package (version 4.1c,
Regent Instruments Inc., Québec, Canada) for morphological
and architectural traits such as length, average diameter, and
number of tips. Then the fine roots were dried at 60◦C for 3
days, weighed, and milled. Fine-root biomass was calculated per
soil volume to obtain comparable data. Specific root length (SRL;
m g−1) was calculated by combining scanned data with biomass
data, and tip frequency (cm−1) was calculated from scanned data
(Brunner et al., 2019). Fine-root C and N concentrations were
measured frommilled root material using an elemental analyzer-
continuous flow isotope ratio mass spectrometer (Euro-EA,
Hekatech GmbH, Germany, interfaced with a Delta-V Advanced
IRMS, Thermo GmbH, Germany).

Potential C Mineralization Rates and N
Processes and Microbial Biomass
Potential nitrification was determined using the shaken slurry
method (Hart et al., 1994). 10 g of field-moist, sieved soil were
shaken in 100ml of a solution (pH 7.2) containing 1mM PO3−

4
and 15mMNH+

4 at 22◦C in the dark. These conditions ensured a
maximumNO−

3 production rate with minimal N immobilization
and denitrification. Homogenized sub-samples (15ml of the
slurry) were taken at 2, 6, 23.5, 26, and 29 h after the start of
the incubation. These sub-samples were filtered and stored at
−20◦C until analysis. NO−

3 -N was determined colorimetrically
with a continuous flow analyzer (Auto-Analyzer 3, BranLuebbe,
Germany). Nitrification rates were calculated by linear regression
of NO−

3 -N concentrations over time.
Net nitrogen mineralization was measured through a 28-days

aerobic laboratory incubation of 15 g soil at constant temperature
(22◦C) in the dark (Hart et al., 1994). At the beginning and at the
end of the incubation, inorganic N was extracted with a 1M KCl
solution (1:5 w:v) (Allen, 1989) and analyzed as described above.
The mineralization rate was calculated from the net increase in
inorganic N (NH+

4 -N andNO−
3 -N) during the incubation period.

The respiration potential was measured according to
Robertson et al. (1999) as the CO2 accumulation in the
headspace (250ml) of an amber bottle containing 20 g fresh
soil, at 22◦C in the dark after an overnight pre-incubation. Gas
samples (4ml) were taken at 0, 120, 150, and 180min with
an airtight syringe and analyzed with an infrared gas analyzer
(EGM-4, PP Systems, UK). The respiration rate was estimated by
linear regression of these measurements against time.

Soil microbial biomass C and N (MBC, MBN) were
determined by the chloroform fumigation extraction method
(Vance et al., 1987). Fumigations were carried out for 3 days in
a vacuum desiccator with alcohol-free chloroform, followed by
0.5M K2SO4 extraction. Dissolved organic C was measured with
a Total Organic Carbon Analyzer (Labtoc, Pollution and Process
Monitoring Ltd, UK) and total N was measured colorimetrically
as described above. Soil MBC andMBN were calculated from the
difference of total extract between fumigated and unfumigated
samples, with a conversion factor of 0.45 for MBC (Jenkinson
et al., 2004) and 0.54 for MBN (Joergensen and Mueller, 1996).

Water-soluble C and N were extracted from 10 g fresh
sieved (4mm) soil, following Ghani et al. (2003). First, readily

soluble C and N (water soluble C and N) were extracted
at room temperature with 30ml distilled water. After 30min
agitation at 2Hz, the suspension was centrifuged for 10min
(3,000 min−1) and the supernatant filtered at 0.45µm (GN-6
Metricel, Pall Corporation, US). Total organic C was measured
with a Total Organic Carbon analyzer (Labtoc, Pollution and
Process Monitoring Ltd, UK). Total N, NO−

3 N, and NH+
4 -N

were measured colorimetrically as described above. Organic N
was calculated by subtracting NO−

3 -N and NH+
4 -N from total N.

After this first extraction step, labile components of soil C were
extracted at 80◦C (hot water extractable C and N). The centrifuge
tube with the remaining wet soil was weighted to calculate the
remaining water volume, and a further 60ml distilled water was
added. Samples were shaken for 30min to re-suspend the soil,
closed and placed in a pre-heated oven at 80◦C for 16 h. The
samples were then shaken again for 30min, centrifuged, filtered,
and analyzed as explained above. As water soluble fractions
contains mineral N initially present in soils, water soluble C:N
ratios were calculated as water-soluble C divided by water-soluble
organic N. As initially present mineral N is mostly removed in the
first extraction step, and as NH+

4 in hot water extracts may result
from the hydrolysis of organic N (Gregorich et al., 2003), hot
water C:N ratios were calculated as hot-water-soluble C divided
by hot-water-soluble total N.

Soil DNA Extraction, MiSeq Sequencing,
and Bioinformatic Analyses
Total DNA was extracted from ∼0.5 g soil using the PowerSoil
DNA Isolation Kit (Qiagen). DNA was quantified using the high
sensitivity Qubit assay (Thermo Fisher Scientific). The V3–V4
region of the bacterial small-subunit (16S) rRNA gene and the
internal transcribed spacer region 2 (ITS2) of the eukaryotic
(fungal groups, some groups of protists, and green algae)
ribosomal operon were PCR amplified using primers previously
described by Frey et al. (2016). PCR amplification was performed
with 20 ng soil DNA and the HotStar Taq amplification kit
(Qiagen, Hilden, Germany) in a final volume of 50 µL per
samples (16S: 15min at 95◦C/30 cycles: 40 s at 94◦C, 40 s at 58◦C,
1min at 72◦C/10min at 72◦C; ITS-2: 15min at 95◦C/36 cycles:
40 s at 94◦C, 40 s at 58◦C, 1min at 72◦C/10min at 72◦C). PCRs
were run in triplicates, pooled, and purified using Agencourt
Ampure XP beads (Beckman Coulter). Bacterial and fungal
amplicon pools were sent to the Génome Québec Innovation
Center at McGill University (Montreal, Canada) for barcoding
using the Fluidigm Access Array technology and paired-end
sequencing on the Illumina MiSeq v3 platform (Illumina Inc.).
Raw sequences have been deposited in the NCBI Sequence Read
Archive under the BioProject accession number PRJNA595488.

Quality filtering, clustering into operational taxonomic
units (OTUs) and taxonomic assignments were performed as
previously described in Frey et al. (2016). In brief, a customized
pipeline largely based on UPARSE (Edgar, 2013; Edgar and
Flyvbjerg, 2015) implemented in USEARCH (v9.2; Edgar, 2010)
was used. Filtered reads were de-replicated and singleton reads
removed prior to clustering. Sequences were clustered into
OTUs at 97% sequence identity (Edgar, 2013). For taxonomic
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classification of the OTUs, corresponding centroid sequences
were queried against selected reference databases using the
naïve Bayesian classifier (Wang et al., 2007) and a minimum
bootstrap support of 80%. Prokaryotic sequences were queried
against the SILVA database (v132; Quast et al., 2013). Eukaryotic
ITS2 sequences were first queried against a custom-made
ITS2 reference database retrieved from NCBI GenBank, and
sequences assigned to fungi were subsequently queried against
the fungal ITS database UNITE (v8.0; Abarenkov et al., 2010).
Prokaryotic centroid sequences identified as originating from
organelles (chloroplast, mitochondria), as well as eukaryotic
centroid sequences identified as originating from soil animals
(Metazoa), plants (Viridiplantae, except green algae), or of
unknown eukaryotic origin, were removed prior to data analysis.

Quantitative PCR of Bacterial and Fungal
Ribosomal Markers and Functional Genes
Relative abundances of the bacterial 16S rRNA genes, fungal
ITS, and various C- and N-cycling genes were determined as
previously by quantitative PCR as previously described (Frey
et al., 2011; Rime et al., 2016) using an ABI7500 Fast Real-
Time PCR system (Applied Biosystems). The same primers
(without barcodes) and cycling conditions as for the sequencing
approach were used for the 16S and ITS (Frossard et al., 2018).
For qPCR analyses 2.5 ng DNA in a total volume of 25 µl
containing 0.5µM of each primer, 0.2mg of BSA ml−1, and 12.5
µl of QuantiTect SYBR Green PCR master mix (Qiagen, Hirlen,
Germany) were used. Abundances of C- and N-cycling genes
were quantified using primers and thermocycling conditions
as reported in Table S1. Functional marker genes encoding
for enzymes catalyzing major processes during methanogenesis
(mcrA) nitrogen fixation (nifH), nitrification (bacterial amoA,
archaeal amoA, nxrB), and denitrification (nirS, nosZ) are
targeted. The specificity of the amplification products was
confirmed by melting-curve analysis, and the expected sizes of
the amplified fragments were checked in a 1.5% agarose gel
stained with ethidium bromide. Three standard curves per target
region (correlations ≥ 0.997) were obtained using tenfold serial
dilutions (10−1-10−9 copies) of plasmids generated from cloned
targets (Frey et al., 2011). Data was converted to represent average
copy number of targets per µg DNA.

Data Analysis
All statistical analyses were performed using R (v.3.6.0;
R Core Team, 2017). Variables were tested for normality
and homogeneity of variances using Shapiro-Wilk and
Levene’s tests, respectively. In case of non-normality and/or
heteroscedasticity, the data were transformed by either by taking
the natural logarithm or by using the Box-Cox family of power
transformations. We used analysis of variance (ANOVA) to
test for effects of N addition treatment, soil horizon, and their
interaction on univariate response variables. Post-hoc differences
between soil horizons were assessed with Tukey’s HSD tests,
and Dunnett’s tests were used to check for treatment effects
within horizons.

For analysis of bacterial and fungal α-diversities, observed
richness (number of OTUs) and Shannon diversity index

were estimated based on OTU abundance matrices rarefied
to the lowest number of sequences using the R package
phyloseq (v1.28.0; McMurdie and Holmes, 2013). To assess the
main and interactive effects of N treatment and soil horizon
on α-diversities a two-way ANOVA was performed. Pairwise
comparisons of significant effects were conducted using Tukey’s
HSD post-hoc tests.

Bray-Curtis dissimilarities were calculated based on square
root transformed relative abundances of OTUs (Hartmann
et al., 2017). The effects of N treatment, soil horizon,
and interactive effects on microbial community structures
(ß-diversities) were assessed by conducting a permutational
ANOVA (PERMANOVA, number of permutations= 9,999) with
the function adonis implemented in the vegan package (v2.5.5;
Oksanen et al., 2017). Canonical analysis of principal coordinates
(CAP) ordinations of microbial community structures were
calculated using the ordinate function implemented in the R
package phyloseq.

Changes in the relative abundances of the most abundant
phyla (classes, orders) were assessed by conducting a two-way
analysis of variance (ANOVA). Differences were considered
significant at p < 0.05 unless mentioned otherwise. To identify
microbial genera that were significantly different between N
amended and control samples we first agglomerated OTUs to
the genus level, and generated subsets for each soil horizon.
Differential abundance analysis by applying a negative binomial
generalized linear model to the OTU count data using the
DESeq2 package (v.1.24.0; Love et al., 2014) was performed.
Genera were considered significantly different (Wald test)
between N-treated and control samples if the false discovery
rate (adjusted p-value) was < 0.05. Fungal functional guilds
were assigned within the six most abundant guilds, namely
ectomycorrhizal fungi, arbuscular mycorrhizal, endophyte,
undefined saprotrophs, animal pathogens, and plant pathogens,
using an open annotation tool (FUNGuild) according to Nguyen
et al. (2016). Only the guild assignment with “highly probable”
confidence rankings was accepted.

RESULTS

Soil and Biological Characteristics
Overall, soil properties and processes showed only a small impact
of two decades of N addition. The total C and N concentrations
clearly declined with depth but were not significantly affected by
the treatment (Table 1). The N addition, however, significantly
decreased the soil C:N ratio by about two in all three layers.
Hot water extractable C and N (Figure 1) were also very similar
in the N-addition plots compared to the control plots, and
concentrations of both elements clearly decreased with depth.
C:N ratios in the extractable organic matter showed no effects
at all, except that the ratio was lower in the hot-water than in
the cold-water extract. Water soluble and hot water extractable
NH+

4 was not significantly affected either, even if the cumulated
addition of NH+

4 -N amounted to 220 g m−2, which would
represent 250mg g−1 if it would be homogenously mixed into the
25 cm depth of the soil cores. There was a significant interaction
of N addition treatment and horizon on water soluble and hot
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TABLE 1 | Biotic and abiotic site characteristics of soil horizons (A, Bo, Br) in the control and N-added plots of the Alptal N addition experiment.

Control plots N-added plots ANOVA+

(mean ± SE, n = 5) (mean ± SE, n = 5) p-values

A# Bo Br A Bo Br Nitrogen Horizon Interaction

Microbial biomass

Microbial C [mg C g−1 soil dw] 3.79 ± 0.56 1.56 ± 0.30 0.51 ± 0.13 2.98 ± 0.41 1.04 ± 0.19 0.26 ± 0.07 0.060 <0.001 0.68

Microbial N [µg N g−1 soil dw] 647 ± 83 274 ± 55 75 ± 25 588 ± 77 161 ± 34 20 ± 11 0.13 <0.001 0.84

Total biomass [µg DNA g−1

soil dw]

92 ± 10 69 ± 5 39 ± 8 76 ± 3 56 ± 7 15 ± 4 0.003 <0.001 0.65

Bacterial abundance*

[107 µg−1 DNA]

2.3 ± 1.2 2.0 ± 0.9 8.4 ± 0.4 2.8 ± 0.6 2.4 ± 0.9 1.9 ± 1.0 0.38 0.41 0.93

Fungal abundance‡

[104 µg−1 DNA]

3.8 ± 3.0 1.8 ± 1.6 0.26 ± 0.2 2.1 ± 0.7 2.9 ± 2.2 0.4 ± 0.3 0.86 0.31 0.72

Microbial activity

Respiration [µg C g−1 dw

soil h−1]

199 ± 39 63 ± 16 19 ± 4 175 ± 32 56 ± 11 19 ± 5 0.56 <0.001 0.85

N-mineralization [µg N g−1

soil dw d−1]

2.8 ± 0.8 0.97 ± 0.28 0.17 ± 0.03 3.02 ± 0.91 0.53 ± 0.1 0.05 ± 0.02 0.78 <0.001 0.82

Nitrification [ng N g−1

soil dw h−1]

2.3 ± 1.4 4.2 ± 1.6 1.8 ± 1.6 5.6 ± 3.4 2.2 ± 0.8 0.2 ± 0.2 0.94 0.25 0.27

Functional genes

mcrA [104 µg−1 DNA] 3.9 ± 1.6 7.6 ± 1.6 7.5 ± 1.4 5.9 ± 1.0 10.0 ± 2.4 19.0 ± 9.3 0.13 0.15 0.45

bamoA [101 µg−1 DNA] 47.0 ± 42.2 18 ± 11.7 1.7 ± 1.3 35.0 ± 16.8 8.1 ± 6.4 1.0 ± 0.4 0.62 0.12 0.95

aamoA [103 µg−1 DNA] 0.2 ± 0.1 2.9 ± 1.5 1.5 ± 0.6 1.1 ± 0.6 2.1 ± 1.1 3.0 ± 1.8 0.51 0.24 0.65

nrxB [106 µg−1 DNA] 1.1 ± 0.5 7.8 ± 1.7 7.7 ± 2.0 4.9 ± 1.4 10.0 ± 2.1 9.1 ± 0.9 0.06 0.001 0.73

nirS [107 µg−1 DNA] 0.7 ± 0.2 1.9 ± 0.5 2.9 ± 0.7 1.4 ± 0.5 2.3 ± 0.6 5.7 ± 2.4 0.16 0.02 0.52

nosZ [107 µg−1 DNA] 2.2 ± 0.5 3.1 ± 0.6 2.8 ± 0.8 2.6 ± 0.8 2.9 ± 0.5 3.3 ± 0.2 0.63 0.52 0.79

nifH [103 µg−1 DNA] 0.4 ± 0.1 1.5 ± 0.6 1.8 ± 0.5 1.1 ± 0.5 1.5 ± 0.5 3.4 ± 0.9 0.08 0.01 0.46

Fine root traits

Fine root biomass [g dm−3] 8.1 ± 2.5 1.7 ± 0.9 0.7 ± 0.5 5.4 ± 1.7 0.7 ± 0.4 0.4 ± 0.3 0.23 <0.001 0.67

Specific root length [m g−1] 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.8 ± 0.1 0.5 ± 0.0 0.8 ± 0.2 0.56 0.38 0.36

Mean diameter [mm] 0.7 ± 0.0 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.63 0.39 0.31

Tip frequency [cm−1] 3.4 ± 0.4 2.9 ± 0.9 2.2 ± 0.9 4.0 ± 0.3 3.1 ± 0.1 2.9 ± 0.1 0.29 0.13 0.88

Fine root C [%] 45.4 ± 0.5 43.9 ± 0.5 42.8 ± 0.5 44.4 ± 0.9 44.4 ± 0.3 44.3 ± 0.3 0.51 0.14 0.19

Fine root N [%] 1.0 ± 0.0 1.0 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.38 0.07 0.43

Fine root C:N ratio 45.5 ± 2.3 46.7 ± 3.8 48.2 ± 4.3 39.1 ± 3.3 47.9 ± 3.0 47.8 ± 3.0 0.51 0.18 0.47

Soil properties

pH (CaCl2) 4.9 ± 0.3 5.5 ± 0.2 6.0 ± 0.3 4.9 ± 0.3 5.2 ± 0.4 5.5 ± 0.6 0.45 0.11 0.81

Total soil C [mg C g−1 soil dw] 27.3 ± 4.5 15.4 ± 4.0 6.4 ± 1.7 22.0 ± 2.6 9.4 ± 1.6 4.1 ± 1.0 0.054 <0.001 0.71

Total soil N [mg N g−1 soil dw] 1.5 ± 0.2 0.9 ± 0.2 0.4 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 0.3 ± 0.1 0.25 <0.001 0.48

Soil C:N ratio 18.3 ± 1.1 16.1 ± 1.5 16.1 ± 1.2 16.1 ± 0.5 14.9 ± 0.2 14.6 ± 1.4 0.023 <0.001 0.91

+Effects of N treatment, horizon and their interaction were assessed by analysis of variance (ANOVA); significant values are in bold letters.
#Soil horizons: A, A horizon, 4.5 cm thick; Bo, oxic B horizon, 8 cm thick; Br, reduced B horizon, 9 cm thick.

*Bacterial abundance, 16S rRNA gene copies.
‡Fungal abundance, ITS2 gene copies.

water extractable NO−
3 , with higher values under N inputs in the

A-horizon (p < 0.001). In lower layers, the tendency was even
opposite pointing to reducing conditions in lower layers.

Microbial biomass C and N (Table 1) decreased with depth (p
< 0.001) with a tendency of less (p = 0.062) microbial biomass
C in N-treated plots, resulting in a lower microbial C:N ratio in
the top soil layer (0–4.5 cm) with N addition (interaction N ×

horizon: p = 0.007). Respiration and N mineralisation (Table 1)
strongly decreased with soil depth (p < 0.001). No effect of

the N treatment could be detected, neither if process rates were
expressed per soil dry mass nor per total or extractable C or N.
We also found no significant interactions between horizons and
N addition. Potential nitrification did not change with N addition
nor with soil depth (Table 1).

In contrast to microbial biomass C, DNA content was
significantly lower under N treatment (p = 0.003) and decreased
with soil depth (p < 0.001; Table 1). Bacterial and fungal
abundance (16S and ITS copy numbers) as well as the seven
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FIGURE 1 | Extractable C and N concentrations in the horizons of the mineral soil in the control and N-addition plots. A first extraction was done with cold water and

a subsequent one with hot water. All results are from three cores per plot and given per dry soil mass as averages ± standard error (n = 5; A, A horizon; Bo, oxic B

horizon; Br, reduced B horizon).

C- and N-cycling genes were not affected by the N addition
(Table 1, Figure 2). Similarly, we found that the abundance of
fungal biomass relative to bacterial (F:B ratio) did not change
with the addition of N. There was a tendency of higher nrxB (p=
0.06) and nifH (p = 0.08) genes in plots with N inputs. Three
functional genes (nrxB, nirS, and nifH) significantly increased
with soil depth (Table 1, Figure 2).

N addition had no effect on fine root traits of Norway spruce.
Fine root biomass, morphology (specific root length, tips, and
diameter) and root chemistry (C, N) did not respond significantly
to N addition (Table 1).

MICROBIAL DIVERSITY AND COMMUNITY
STRUCTURE

Since the results of the community analyses were similar
for the three sampling times (with no or only minor
changes in the soil microbiome), we decided to present only
the analyses from the last sampling (September 2015). The
overall microbial community analysis has been documented
in the Supplementary Results. Bacterial α-diversity indices in
control and N-added soils were unchanged (p = 0.9; Table 2,
Figure 3). Bacterial α-diversity was also similar between different
horizons under control and experimental N deposition (Table 2,
Table S2). In contrast, we found a significant decline (p = 0.05)

of fungal α-diversity indices (Richness and Shannon Index) with
soil depth (Table 2, Figure 3), while neither effects of treatment
(N addition) nor interactions (N × depth) on fungal α-diversity
indices were recorded (Table 2). Among the fungal populations
we found that animal pathogen (35%), ectomycorrhizal (30%),
saprotroph (12%), arbuscular mycorrhizal (10%), endophyte
(8%), and plant pathogen (2%) were the dominant functional
guilds with a “highly probable” classification (Nguyen et al.,
2016). Overall, there was a decrease of richness with N
addition with strongest (p < 0.001; data not shown) impact on
ectomycorrhizal, arbuscular mycorrhizal fungi, and endophytes
(Figure 4). PERMANOVA analysis revealed a weak (p =

0.06) but not significant difference in fungal ß-diversities with
N addition (Table 2) as also shown by canonical analysis
of principal coordinates (CAP) based on the Bray-Curtis
dissimilarities (Figure 5). In contrast, bacterial community
structures were not influenced by N addition and soil depth.

Changes in Relative Abundance of the
Most Dominant Phyla (Classes, Orders) in
Response to N
The relative abundance of bacterial phyla did not change between
the ambient and experimental N deposition. No bacterial phyla
and classes exhibited a significant change in relative abundance
with the N treatment. However, we found significant (p < 0.05)
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FIGURE 2 | DNA content and abundances of bacterial (16S), fungal (ITS2), and C- and N-cycling genes in the horizons of the mineral soil in the control and N-addition

plots (n = 5; A, A horizon; Bo, oxic B horizon; Br, reduced B horizon). Gene copies (as log10) were given per µg DNA.

TABLE 2 | Treatment (N addition) and spatial (horizon) effects on α-diversity (Richness and Shannon Index) and ß-diversity (Bray-Curtis dissimilarities) in the Alptal N

addition experiment.

Bacteria Fungi

α-diversity* β-diversity α-diversity β-diversity

Richness Shannon Richness Shannon

Treatment 0.90 (0.13)+ 0.90 (0.02) 0.41 (1.00) 0.28 (1.24) 0.27 (1.29) 0.06 (1.44)

Horizon 0.85 (0.16) 0.84 (0.18) 0.12 (1.42) 0.05 (3.36) 0.05 (3.52) 0.23 (1.13)

Treatment x Horizon 0.32 (1.21) 0.33 (1.15) 0.97 (0.56) 0.42 (0.90) 0.41 (0.93) 0.77 (0.87)

*Effects of main factors and their interactions assessed by analysis of variance (ANOVA).
+Values represent the p-values (F-ratio for each factor are given in brackets); significant values (p < 0.05) are in bold letters and values in italics represent p < 0.1.
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FIGURE 3 | Variation in Richness and Shannon index of bacterial (A) and fungal (B) communities in the horizons of the mineral soil in the control and N-addition plots

(n = 5; A, A horizon; Bo, oxic B horizon; Br, reduced B horizon).

depth effects in the relative abundance of OTUs attributable to
Anaerolineae (Table 3). Within fungi, the phylum Basidiomycota
significantly decreased in relative abundance with N (Table 3).
The other fungal phyla did not exhibit significant changes with
the experimental N deposition treatment. A few fungal classes
and orders were affected by the experimental N deposition
treatment. Relative abundance of Agaricomycetes, Agaricales,
and Cantharellales decreased (p < 0.05) whereas the relative
abundance of Heliotales increased (p < 0.1) under experimental
N addition.

Differential Abundance of the Most
Dominant Genera in Response to N
Deposition
As bacterial and fungal phyla consist of various heterogeneous
groups, we also investigated the changes in the differential
abundance of the most common bacterial and fungal genera in
response to N treatment among the three soil horizons. Since
we did not find any taxa with significant (p < 0.05) log2 fold
change in bacteria, we report on those that responded weakly
(p < 0.1) to N addition (Figure S1). The majority of genera that
had positive log2 fold changes upon N treatment belonged to the
phylum Proteobacteria. Within this phylum, Rhodoblastus and

the sulfur-oxidizing genus Sulfurifustis exhibited the strongest
positive response to N (increase with N addition). In addition,
the methane-producingMethanocella andMethanolinea showed
higher positive log2 fold changes, indicating anaerobic soil
conditions (Figure S1). The greatest negative log2 fold change in
response to N addition was exhibited by genera of the phylum
Acidobacteria such as the acidophilic Granulicella and Acidipila.
Genera of the phylum Proteobacteria also decreased with N
deposition, with Rickettsiella and Inquilinus having overall the
greatest negative log2 fold change (Figure S1).

Within the fungal kingdom, the majority of genera that
exhibited either positive or negative log2 fold changes were
members of the phyla Ascomycota and Basidiomycota (Figure 6,
Figure S2). The genera Clavulina and Physisporinus had the
strongest positive responses to the N addition (Figure 6).
Clavulina is an ectomycorrhizal fungus (Basidiomycota)
with some saprophytic lifestyle and Physisporinus is a wood
saprotroph (Ascomycota). Interestingly, fungal entomopathogens
such as Metarhizium and Trichoderma (both Ascomycota)
showed negative log2 fold changes upon treatment with N.
Genera belonging to Basidiomycota, such as the ectomycorrhizal
fungi Membranomyces, Thelephora, Hydnum, Piloderma, and
Amanita were found to decrease in N-treated samples (Figure 6,
Figure S2). Membranomyces had the largest negative log2 fold
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FIGURE 4 | Patterns of α-diversity (Richness) of the different fungal guilds in the horizons of the mineral soil in the control and N-addition plots (n = 5; A, A horizon;

Bo, oxic B horizon; Br, reduced B horizon). Fungal functional guilds were analyzed by FUNGuild showing the six most abundant guilds. Only the guild assignment with

“highly probable” confidence rankings was accepted.

change followed by Thelephora. Ectomycorrhizal fungi showed
a mixed response with Thelephora declined significantly with N
fertilization, while Clavulina increased.

DISCUSSION

There are only a few long-term (20 years and more) N addition
experiments in forest ecosystems worldwide. They all have one
result in common: from an annual up to a decadal scale, added
N is mainly sequestered into the soil (Cheng et al., 2019). Higher
deposition rates therefore lead to an accumulation of N in the soil,

with potentially effects on soil organisms and the biochemical
processes that they drive. Such effects are not limited to the N
cycle, but also affect C and other elements.

Long-Term N Addition Effects on Soil
Processes
In the present study we did not find any significant effect of
the treatment or interaction thereof with the mineral soil layers.
Similarly, for soils from the same site, Forstner et al. (2019a)
also reported no significant differences in C mineralization rates
with N treatment. Some studies showed an increase in forest soil
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FIGURE 5 | Canonical analysis of principal coordinates (CAP) based on the Bray-Curtis dissimilarities for bacterial (A) and fungal (B) communities in the horizons of

the mineral soil in the control and N-addition plots (n = 5; A, A horizon; Bo, oxic B horizon; Br, reduced B horizon). The variation in microbial community structures

was explained by each CAP axis (for bacteria: CAP 1, 5.2%; CAP 2, 3.9%; for fungi: CAP 1, 15.5%; CAP 2, 9.6%).

respiration as a result of N addition (Hasselquist et al., 2012;
Zhang et al., 2019), but in other reports there was no effect (e.g.,
Haynes and Gower, 1995; Bowden et al., 2000; Liu et al., 2017).
Based on 5 years measurements with static chambers, Krause
et al. (2013) found only a weak tendency of soil respiration rates
to be reduced by N addition. At our site, more C tended to
accumulate in the organic layer of N-addition plots, but C was
decreased in the mineral soil (Forstner et al., 2019a). At the
same time, the input of litter remained in the same range as for
control (Krause et al., 2013). This means that neither the soil C
pool nor its main fluxes in and out of the soil were significantly
affected by the N treatment. Therefore, despite theoretically large
potential effects, our results can only confirm that N deposition
effects in relation to the C balance of forest soils are minor
(Erisman et al., 2011).

At our site, in our results as well as in the previous study
of Schleppi et al. (2004), the C:N ratio of the mineral soil
significantly decreased as a result of the N addition. As shown
by Providoli et al. (2006) using 15NO−

3 or 15NH+
4 , most of the

N from deposition entering the soil is rapidly immobilized and
bound to its organic matter. This explains why the extractable
inorganic N was not increased in the present study. Compared to
the control plots, we observed a clear increase of extractable NO−

3
in the A-horizon of the N addition plots. However, in relation to

the annual NO−
3 added, this represents only about one-tenth of

the total. Due to the high mobility of this ion, this measurement
can anyway only be considered as a snapshot. Together with the
extractable NH+

4 , it indicates that only very little N as inorganic
N is present in the soils (i.e., very little in a form that is directly
available to plants and microbes).

Long-Term N Addition Effects on Root
Growth
Interestingly, no significant effects by long-term moderate N
addition on any of the fine root traits of Norway spruce
investigated have been observed, which is in accordance with
Carnol et al. (1999). This is in contrast to what could be
expected when N is added to an ecosystem (Ostonen et al.,
2007; Li et al., 2015). Li et al. (2015) observed in a meta-
analysis on simulated N deposition an overall significant increase
of the total root biomass, with the coarse roots increasing
and the fine roots decreasing significantly. In addition, they
observed a significant increase of the root N concentration.
However, a few fine-roots traits seemed not to be affected by N
addition, in particular fine root length and diameter (Li et al.,
2015). Ostonen et al. (2007) observed in their meta-analysis
a significant decrease of the specific root length, whereas Li
et al. (2015) did not observe any significant change of this
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TABLE 3 | Treatment (N addition) and spatial (horizon) effects on the relative

abundance of bacteria and fungi in the Alptal N addition experiment.

Variables Taxa Treatment Horizon Treatment x

(F1/29)* (F2/29) Horizon (F2/29)

Bacteria Phylum

Acidobacteria 1.25† 0.10 0.48

Actinobacteria 0.63 1.05 0.39

Bacteroidetes 0.81 1.42 0.64

Chloroflexi 0.90 1.61* (↑)‡ 0.58

Nitrospirae 1.72 1.32 0.60

Patescibacteria 1.05 1.04 0.71

Planctomycetes 1.00 1.29 0.52

Proteobacteria 0.85 1.75 0.65

Rokubacteria 0.65 2.46* (↑) 1.14

Verrucomicrobia 1.26 1.32 0.48

Class

Alphaproteobacteria 0.80 1.64 0.37

Anaerolineae 0.96 1.74* (↑) 0.61

Order

Anaerolineales 0.78 2.06* (↑) 0.65

Rhizobiales 0.44 2.39 0.23

Fungi Phylum

Ascomycota 1.04 0.97 0.78

Basidiomycota 1.85** (↓) 1.19 0.98

Mortierellomycota 0.63 1.74* (↓) 1.00

Rozellomycota 1.10 0.63 1.50

Class

Agaricomycetes 1.83** (↓) 1.19 0.98

Order

Agaricales 1.76* (↓) 1.23 0.89

Heliotales 1.43 1.04 0.93

Cantharellales 2.12** (↓) 1.00 1.07

Reported only the 10 most abundant bacterial and four most abundant fungal phyla and

lower taxonomic levels (classes and orders) when p < 0.1.

Significance levels: *p < 0.05, **p < 0.01.
†
F-ratio tests (F) were conducted as main tests by analysis of variance (ANOVA) to assess

the significant effects of N addition, depth or their interaction. Values in bold highlight

significant effects.

*Degrees of freedom for each factor are given in brackets.
‡Direction of changes in relative abundance with N or depth (from surface to lower depths);

increase (↑) or decrease (↓).

parameter. In our study, despite the fact that we did not observe
any change of biomass or N concentrations in the fine roots,
needle dry weight as well as needle N concentration increased
significantly from the 4th year of the N addition (Krause
et al., 2012). This indicates that some additional N is indeed
available to tree roots but that it was transported to aboveground
tree compartments. The fact that none of the fine-root traits
significantly responded to the N addition is likely related to other
factors limiting root growth, especially the anoxic conditions
that prevail most of the time in the lower gleyic layers of the
soil. Combined with waterlogging, this can indeed strongly limit
root growth and, subsequently, the uptake of N (Fan et al.,
2017).

Long-Term N Addition Effects on Soil
Microbial Communities
Soil microbial communities were remarkably resistant to
long-term N addition. Although there have been several
studies examining the effects of N deposition on microbial
communities across ecosystems (Treseder, 2008; Zhou et al.,
2017), ours is one of the few that comprehensively describes
the long-term (>20 years) effects of moderate N addition
on bacterial and fungal diversity and community structures
in forest soils. Overall, the soil microbiome was relatively
resistant and responded only weakly to long-term moderate
N addition at our forest site. In the long-term soil microbial
communities seem to be very resilient to environmental change
or disturbance and adapt to new environmental conditions
(Hartmann et al., 2014; Frossard et al., 2018). Another reason
for the weak response of the soil microbiome might be
that the added N is easily available and soluble, so it can
either be washed out, or readily taken up by ectomycorrhizal
fungi and roots and transported to the aboveground parts
or readily immobilized in the soil (Schleppi et al., 2004;
Providoli et al., 2006). Since N is not a limiting factor for
the belowground communities here, more N cannot be truly
used for more growth (microbial biomass). Another factor
limiting the responses of N to the microbial communities
is certainly the low oxygen available at lower soil depths.
Because of their high clay content, Alptal soils feature anaerobic
microenvironments. At this forest site a water-impermeable soil
layer in the underground (gleyic soils) hinders to alleviate the
oxygen limitation. All these mentioned reasons explain why
we found no or only minor changes of the soil microbial
communities to the moderate long-term N addition at this
forest site.

The bacterial and fungal abundance remained unchanged,
which is in agreement with others (Peng et al., 2017; Forstner
et al., 2019b). Similarly, Hesse et al. (2015) found no change in
fungal biomass in a natural maple forest in USA treated with
N for 16 years. We assume that the lack of a significant effect
on microbial biomass is linked to the fact that the root biomass
was not affected and that the effects on C-exudate production
did not alter the size of the root-associated microbes. Similarly,
the abundance of C and N cycling genes were not affected by
N addition.

Fungal α-diversity (Richness and Shannon Index) also
remained unchanged, which is consistent with other studies with
long-term N addition experiments in forests (Freedman et al.,
2015; Hesse et al., 2015; Morrison et al., 2016). Morrison et al.
(2016) reported no effect on fungal diversity with the addition
of 50 kg N ha−1 yr−1 but an increase of fungal richness with
higher N addition rates (150 kg N ha−1 yr−1). A change of fungal
richness in response to N-fertilization was reported in 0–2 cm
soil depth but not at lower soil depths (5 and 10 cm). Similarly,
Haas et al. (2018) showed an increase in fungal diversity with
nutrient addition (100 kg N ha−1 y−1), indicating that the effects
on fungal diversity dependent on the amount of N added and soil
horizon. N addition may affect microbial communities mainly as
a nutrient rather than via soil acidification as suggested by Zhou
et al. (2017).
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FIGURE 6 | Differently abundant fungal genera (statistically different p < 0.05) which respond to N treatments across all soil horizons with a log2-fold change > 1.0.

Negative values (blue) refer to Control-upregulated genera, positive values (red) to N-Addition-upregulated genera. Bar diagrams on the right shows the

relative abundance.

Long-termN additions showed weak (p= 0.06) changes in the
structure of the fungal communities. This response was similar
across depths (treatment× depth, p= 0.77). It was observed that
elevated N deposition has either a significant influence (Eisenlord
et al., 2013; Entwistle et al., 2013; Weber et al., 2013; Hesse et al.,
2015; Morrison et al., 2016; van der Linde et al., 2018) or no effect
(Freedman et al., 2015) on the fungal community composition. N
treatments effects were dependent on soil depth in another study
(Weber et al., 2013) andweremost evident in very shallow surface
horizons. We also expected the strongest effects of N deposition
in the first (0–5 cm) soil layer according to the partitioning of N
deposition (Hagedorn et al., 2001a; Providoli et al., 2006) but here
in our study we did not find treatment × soil depth interactions
neither for bacteria nor fungi.

The observed change of fungal community composition with
elevated N deposition was mainly driven by a shift of relative
abundance of Basidiomycota and Ascomycota. Consistent with
previous studies that examined the response of soil fungal
community composition to N fertilization (Weber et al., 2013),

we recovered increased numbers of Ascomycota sequences and
decreased numbers of Basidiomycota sequences (i.e., Agaricales)
from N-treated soils in all depth intervals. Reduction in
Basidiomycota abundance may alleviate some of the competitive
pressures on Ascomycota for resources and thus explain the
contrasting changes observed in these phyla (Geisseler and
Scow, 2014; Farrer and Suding, 2016; Zhou et al., 2017). This
phylum-level composition shift was accompanied by changes on
lower taxonomical level that warrant further study. Differential
abundant taxa analysis indicated that fungal genera such as
the ectomycorrhizal fungi Hydnum, Piloderma, Amanita, and
Tricholoma showed decreased recovery of sequences in response
to N addition. Treseder (2004) and Li et al. (2015) as well
observed in their meta-analysis on simulated N deposition a
significant decrease of fungal colonization of roots. Because
simulated N deposition supplies directly plant-available N, plant
investment in ectomycorrhizal fungi may be minimal and result
in a reduction of ectomycorrhizal mycelia growth and production
(Sims et al., 2007). A decline in the relative abundance of
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ectomycorrhizal fungi, in particular members of Amanitaceae,
Cortinariaceae, and Russulaceae following long-term N addition
has also been reported by others (Burke et al., 2006; Weber
et al., 2013; Morrison et al., 2016). However, ectomycorrhizal
responses have been shown to be taxon-specific with N
enrichment by disfavoring Cortinarius species and most Russula
species, while significantly enhancing the relative abundance
of Russula vinacea (Morrison et al., 2016). Here, nitrophilic
species included ectomycorrhizal as well as saprotrophic fungi.
In particular, Laccaria, Hygrophorus, and Pachyphlodes, a
truffle-like fungi belonging to the Pezizaceae, all known to
be ectomycorrhizal associates of trees, were favored by the
addition of N.

In contrast to fungi, bacteria were remarkably resistant and
did not show changes due to long-term N addition. While the
effects of N addition on the diversity of bacterial communities
are not always clear, including negative, positive or no effects,
changes in the composition across different ecosystems are the
rule (Ramirez et al., 2012; Leff et al., 2015; Haas et al., 2018).
Studies in mixed hardwood stands, loblolly pine plantations,
and boreal forest have all reported either no effect (Burke
et al., 2006) or an increase of bacterial richness and diversity
after long-term N-addition (Turlapati et al., 2013; Haas et al.,
2018). Twenty years of N-addition in a mixed hardwood stand
induced a significant increase in diversity as well as a change
in composition in both organic and mineral soils (Turlapati
et al., 2013). The increase in diversity was attributable to
changes in community structure with significantly higher relative
abundance of Acidobacteria, Chlamydiae, and Proteobacteria
with N addition. In contrast, in our experiment N addition
did not change bacterial community structure neither at the
phylum level nor at different soil depths after 20 years. Even at
lower taxonomic level (e.g., genus) we did not detect significant
(p < 0.05) responses of specific bacterial taxa to long-term
N addition.

Within deeper soil depths we found significant more bacterial
sequences from the class Anaerolineae of the phylum Chloroflexi,
independently on the N addition. Members of the phylum
Chloroflexi are slow growing heterotrophic bacteria, that are
ubiquitous in natural ecosystems, whereas Anaerolineae become
abundant at anaerobic conditions (Yamada and Sekiguchi, 2009;
Hartmann et al., 2014). Because of their high clay content,
combined with the wet climate of the site, this obviously
favors the anoxic classes of Chloroflexi like Anaerolineae
(Vos et al., 2013). Moreover, the increased presence of the
methane-producing Methanocella and Methanolinea in the
gleyic soil layers points to prevailing anaerobic conditions
that strongly limits the root growth and most probably
the response of the soil microbes to long-term moderate
N addition.

CONCLUSIONS

From a functional approach, we conclude that long-term
moderate N addition at the Alptal forest site did not strongly

affect the soil microbiome and its functioning. Changes due
to the treatment were small compared to the heterogeneity of
the soil and to differences between soil horizons. The present
study including DNA analyses largely confirms the conclusion
that the soil microbiome is remarkably resistant to such a
chronic low-dose N treatment. We can see some shifts that
can be ascribed to the surplus of N that accumulates in the
soil, mainly in the composition of the fungal community.
Even if the soil microbiome appears to retain its functions
and trees are still taking advantage of the additional N to
build larger needles and increase their stem growth (Krause
et al., 2012), N continues to accumulate in the soil of the
treated plots. All the small changes seen so far could intensify
in the future and possibly lead to much stronger impacts in
a non-linear way. At (slowly decreasing) ambient deposition
rates, however, it seems that no negative consequences on the
soil microbiome and its function should be feared within the
next decades.
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Supplemental  Figure  1.  Differently  abundant  bacterial  taxa  (statistical  difference  p <  0.1),

which respond to N treatments  across all soil horizons with a log2fold change  > 0.5.  Negative

values  (blue)  refer  to  Control-upregulated  genera,  positive  values  (red)  to  N-Addition-

upregulated genera. Bar diagrams on the right shows the relative abundance.



Supplemental Figure 2. Differently abundant fungal genera (statistically different p < 0.05), 

which respond to N treatments in the horizons of the mineral soil in the control and N-addition 

plots (A = A horizon; B = oxic B horizon; C = reduced B horizon) with a log2-fold change > 1.0. 

Bar diagrams on the right shows the relative abundance. Negative values (blue) refer to Control-

upregulated genera, positive values (red) to N-Addition-upregulated genera.



Supplementary Results

Overall microbial community composition

Among the 30 samples of N-treated and control soils, a total of 793,235 bacterial sequences with

an average number of 26,441 (± 4,386) sequences per sample was identified. These sequences

were  distributed  among  6,098  OTUs  (2183  ±  357  per  sample)  of  which  99.6%  could  be

classified at phylum and 25.8% at genus level.  We further identified 5544 archaeal sequences,

which were not analysed further. The predominant bacterial phyla were Proteobacteria (27.7%

of total sequences; 1125 OTUs),  Acidobacteria (15.6%; 425 OTUs),  Verrucomicrobia (12.8%;

377 OTUs), Chloroflexi (12.4%; 575 OTUs) and Planctomycetes (10.6%; 831 OTUs). For fungi,

sequencing analysis yielded a total of 828,050 ITS2 sequences with an average of 27,602 (±

7,227) sequences per sample. The total number of sequences represented 1,749 (292 ± 112 per

sample) fungal OTUs. 94.9% of OTUs could be classified at phylum and 82.4% at genus level.

Basidiomycota (54.0%; 540 OTUs), Ascomycota (38.0%; 901 OTUs), Mortierellomycota (1.3%;

48 OTUs) and  Rozellomycota (1.2%;  77  OTUs) were found to be the most abundant  fungal

phyla. 



Supplementary Table 1: Primer pairs and annealing temperatures used in real-time quantitative PCR 

analysis for functional genes.

Genes Primer name Primer sequence (5’-3’)
Annealing 

temperature
Reference

aamoA

Arch-amoAF STAATGGTCTGGCTTAGACG

53 °C Francis et al. (2005)

Arch-amoAR GCGGCCATCCATCTGTATGT

bamoA

amoA-1F GGGGTTTCTACTGGTGGT

55 °C Rotthauwe et al. (1997)

amoA-2R CCCCTCKGSAAAGCCTTCTTC

nrxB

nrxB-169F TACATGTGGTGGAACA

57 °C Pester et al. (2014)

nrxB-638R CGGTTCTGGTCRATCA

nirS

nirS-cd3AF GTSAACGTSAAGGARACSGG

58 °C Throbäck et al. (2004)

nirS_R3cd GASTTCGGRTGSGTCTTGA

nosZ

nosZ-1F WCSYTGTTCMTCGACAGCCAG

62 °C Henry et al. (2006)

nosZ-1R ATGTCGATCARCTGVKCRTTYTC

nifH

Pol-F TGCGAYCCSAARGCBGACTC

55 °C Poly et al. (2001)

Pol-R ATSGCCATCATYTCRCCGGA

mcrA

ML-F
GGTGGTGTMGGATTCACACARTAY

GCWACAGC
50 °C Luton et al. (2002)

ML-R TTCATTGCRTAGTTWGGRTAGTT
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Supplemental Table 2. Treatment (N addition) and spatial (horizon) effects on phylogenetic and 

functional marker genes in the Alptal N addition experiment.

Treatment* Horizon Treatment x Horizon

Gen F(1/24) † p F(2/24) p F(2/24) p

16S 0.79 0.38 0.92 0.41 0.07 0.93

ITS 0.03 0.86 1.20 0.31 0.32 0.72

bamoA 0.25 0.62 2.36 0.12 0.06 0.95

aamoA 0.45 0.51 1.52 0.24 0.44 0.65

nifH 3.26 0.08 5.55 0.01 0.79 0.46

nrxB 3.94 0.06 9.28 0.001 0.31 0.73

nirS 2.07 0.16 4.43 0.02 0.68 0.52

nosZ 0.24 0.62 0.67 0.52 0.24 0.79

mcrA 2.43 0.13 2.03 0.15 0.81 0.45

* Effects of main factors and their interactions assessed by analysis of variance (ANOVA).

+ Values represent the F-ratio (degrees of freedom for each factor are given in brackets); significant 

values (p<0.05) are in bold letters and values in italics represent p<0.1.
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