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Zusammenfassung

Uber 50 Prozent der gegenwartigen atmosphirischen Stickstoffdepositionen werden durch
anthropogene Aktivitaten verursacht und durch den atmospharischen Stickstofftransport teils
kilometerweit transportiert. Diese anthropogenen Veranderungen der biogeochemischen
Kreislaufe von Stickstoff und folge dessen auch von Kohlenstoff verstarken die aktuelle
Klimakrise in vielen Bereichen. Terrestrische Okosysteme spielen eine essentielle Rolle in der
Regulierung des Klimawandels da terrestrische Boden die signifikantesten Kohlenstoffsenken
an Land sind. Mikrobielle Gemeinschaften in Waldbtden sind ein essentieller Teil des
terrestrischen Stickstoffkreislaufs da sie Stickstofftransformationen vermitteln und den
Kohlenstoffhaushalt beeinflussen.

In dieser Studie wurden die Effekte einer Langzeitbelastung durch erhéhten Stickstoffeintrag
in temperate Waldbdden in 4 Landern durch stabile Isotopenmethoden gemessen. 1sN und 13C
Konzentrationen wurden in Bodenproben und in mikrobiellen Bodengemeinschaften mittels
verschiedener Tracer-Experimente gemessen. Ungeachtet der unterschiedlichen klimatischen
und bodenchemischen Parameter verhielten sich alle Boden der untersuchten Waldgebiete
hinsichtlich der Reaktionen in Stickstoff- und Kohlenstoffparametern gleich. Mittels
statistischer Analysen konnten wir signifikante Unterschiede zwischen Kontrollbdden und mit
Stickstoff gedungten Bdden feststellen. Auch bei PLFA Untersuchungen verhielten sich die
untersuchten Boden der verschiedenen Standorte gleich, mit signifikanten Unterschieden
zwischen den Behandlungen, wobei wir hier eine Reduktion des gram-negative zu gram-
positive Verhaltnisses beobachteten. Bodenrespirationsmessungen und Messungen des in der
mikrobiellen Biomasse enthaltenen Stickstoffes ergaben widerspriichliche Ergebnisse. Unsere
Hypothese besagte, dass sich die Zersetzung des biologischen Bodenmaterials durch eine
hoéhere Stickstoffzufuhr erhdhen wird, was wir in unseren Versuchsstandorten in Deutschland
und Schweden bestatigen konnten, jedoch nicht in Osterreich und GroRbritannien. Diese
Ergebnisse konnten bedeuten, dass in diesen Waldbdden andere Parameter wichtiger fir die
mikrobielle Aktivitét sind.



General introduction

All organisms require nitrogen as an essential macronutrient. It is inherently necessary for
organisms to build crucial compounds of life like proteins, DNA and ATP. Nitrogen is also a

major limiting factor in most ecosystems on Earth.

Nitrogen cycle

The biogeochemical cycle of nitrogen is almost entirely dependent on reduction-oxidation
reactions primarily mediated by microorganisms (Canfield et al., 2010). Nitrogen occurs in
different forms and at several redox stages, from ammonia and organic compounds at an
oxidation state of -3 to nitrate at an oxidation state of +5. In soil, nitrogen takes nine different
chemical forms which correspond to those oxidation stages. In the atmosphere, dinitrogen gas
is the most common form of nitrogen and makes up 79%. Therefore, dinitrogen gas is the most
abundant form of nitrogen on Earth.

As a short description of the nitrogen cycle, dinitrogen gas is transformed by biological N2
fixers and is converted into biologically available forms (ammonium) which can be used by
most organisms. Biological nitrogen fixation is the dominant natural process by which nitrogen
enters biological pools. In terrestrial or marine ecosystems, the resulting ammonium can be
assimilated into living organisms (organic N forms) or be further oxidized to nitrite and
subsequently to nitrate by nitrifiers. Organic nitrogen which is assimilated into living biomass
can also be mineralized into inorganic forms by saprotrophic microorganisms. The conversion
of ammonium to nitrate is called nitrification and occurs under aerobic conditions. Nitrate can
be turned into nitrous oxide and dinitrogen gas by denitrification under anoxic conditions. Both
forms can re-enter the atmosphere. Other forms of nitrogen are involved in these conversions
primarily as intermediates and can escape during these conversations into the atmosphere as
well (Robertson and Groffman, 2015). Currently, a big concern is the high anthropological
impact on the natural nitrogen cycle. Anthropogenic sources are double the natural rate of
terrestrial nitrogen fixation and contribute around 45% of the total fixed nitrogen annually
produced on Earth (Canfield et al., 2010). This extensive human impact started with the
development of processes for reducing dinitrogen gas to ammonium which is used as fertilizer
in agriculture. Before the 20th century, nitrogen was a limiting factor in agriculture. Employing
nitrogenous fertilizer produced by an industrial process called the Haber-Bosch process led to
an enormous increase in food production worldwide. These anthropogenic activities have

altered the nitrogen cycle in many ways, leading to eutrophication of freshwaters and coastal



zones and global acidification (Gruber & Galloway, 2008). Agricultural nitrogen sources

include industrial fertilizer production and biological fixation of nitrogen in agriculture, which
combined account for 80% of anthropogenic nitrogen fixation (Fowler et al., 2013; Stevens et
al., 2018). There is also an increased nitrogen input into the atmosphere due to anthropogenic
activities, like nitrous oxide, which is a potent greenhouse gas. Nitrogen oxides are emitted
during fossil fuel combustion, and ammonia volatilizes as a result of extensive agricultural
practices (Canfield et al., 2010). More atmospheric dinitrogen gas is converted to biologically
reactive forms through anthropogenic activities than all other natural conversations combined
(Nadelhoffer et al., 1999). It is the higher anthropogenic nitrogen fixation rates that are causing
a global imbalance between nitrogen fixation and denitrification, which have been historically
balanced within the natural nitrogen cycle. This shift is causing nitrogen to become a

significant pollutant. There is compelling evidence that anthropogenic alterations of the
nitrogen cycle are negatively affecting the environment (Galloway et al., 2008).

Atmospheric nitrogen deposition

Atmospheric nitrogen deposition results from emissions of reactive nitrogen species and their
atmospheric transport. They are emitted by natural sources like soils, by lightning, as well as
anthropogenic sources (Neff et al., 2002; Dentener et al., 2006; Galloway et al., 2008;
Kanakidou et al., 2016). Before anthropogenic activities like industrial agriculture based on
inorganic fertilizer usage and fossil fuel combustion, atmospheric nitrogen deposition was a
relatively unimportant nitrogen source in terrestrial and marine ecosystems. Since the industrial
and agricultural revolution, nitrogen deposition gradually became an important and sometimes
even the most dominant nitrogen source in terrestrial and marine ecosystems. Contemporary
sources of atmospheric nitrogen are approximately over 50% associated with human activities
(Fowler et al., 2013; Kanakidou et al., 2016; Stevens et al., 2018). The rapid increase of
atmospheric nitrogen deposition is closely related to human activities (Canfield et al., 2010;
Galloway et al., 2008; Pefiuelas et al., 2012; Huang et al., 2015).

Atmospheric nitrogen deposition occurs as organic and inorganic nitrogen forms and returns
to the Earth’s surface as wet or dry deposition, a factor determined by the solubility of the
compounds. Atmospheric inorganic nitrogen forms include ammonium (NHas+) and nitrate
(NO3-) as aerosol forms and ammonia (NHs3), nitrogen dioxide (NOz2), nitric acid (HNOs) and
nitrous oxide (N20) as gaseous forms. Even though organic nitrogen deposition is a significant

fraction of atmospheric nitrogen deposition, it is still poorly characterized. It is believed that



peptides and dissolved free amino acids make up between 20% and 50% of all dissolved
organic nitrogen (Kieber et al., 2005; Nakamura, Matsumoto and Uematsu, 2005; Mace et al.,
2003; Cornell, 2011), while amines make up less than 10% (Calderon et al., 2007; Gibb et al.,
1999; Gorzelska et al., 1992; Mopper and Zika, 1987; Cornell, 2011). Urea could account for
under 10% to almost all of the organic nitrogen deposition (Timperley et al., 1985; Seitzinger
and Sanders, 1999; Mace et al., 2003; Cornell, 2011). Bulk deposition of inorganic nitrogen

has been measured more extensively than organic nitrogen because until recently, organic
nitrogen was considered to be a natural background of locally recycled material (Cornell,
2011). Reactive nitrogen is removed from the atmosphere and deposited in the biosphere
through precipitation (rain, snow, fog or as clouds) which is called wet deposition and by a
direct interception by surfaces of aerosols and gaseous nitrogen forms, which is called dry
deposition (Bertolini et al., 2016). Compositions of wet or dry depositions vary depending on
location, anthropogenic activities and season. Ammonium and nitrate make up the bulk
nitrogen depositions on Earth (Liu et al., 2013). Wet nitrogen deposition is relatively easy to
measure using rain collectors, while the measurement of dry deposition is more challenging
(Lamb and Bowersox, 2000; Sickman et al., 2019). Therefore, most available data are on wet
deposition due to those challenges, yet dry deposition accounts for 30% to 60% of the total
nitrogen deposition (Song et al., 2017; Xu et al., 2018; Benedict et al., 2018; Deng et al., 2019).
Current global nitrogen deposition is estimated between 125 and 132 tera-gram nitrogen (TgN)
per year, out of which organic nitrogen is about 20% to 30% or 27 to 36 TgN per year
(Kanakidou et al., 2016). Inorganic nitrogen deposition is estimated at approximately 93.6 TgN
per year (Ackerman et al., 2019). There has been a threefold increase of nitrogen deposition
over land and a twofold increase over the ocean since the industrial and agricultural revolutions
(Kanakidou et al., 2016). Reactive nitrogen emissions in Europe have decreased or stabilized
since the early 1990s due to the implementation of stricter legislation. In Southeast Asia,
especially China, reactive nitrogen emissions are still on an upward trend (Billen et al., 2013;
Song et al., 2017). Based on changes in emissions, inorganic nitrogen deposition is declining
or staying at similar levels in areas such as Europe and increasing in others, such as East Asia
and Southern Brazil (Ackerman et al., 2019). In contrast to the USA and Europe, ammonium
has often been the primary source of atmospheric nitrogen deposition in China, which is mostly
connected to extensive agriculture, the excessive use of fertilizers and traditional farming
practices which involve extensive use of manures (Xiao et al., 2010; Huang et al., 2015).

It has to be noted that it is hard to make exact estimations even just for one region because it is

challenging to accurately quantify all the different nitrogen inputs of wet, particulate and
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gaseous forms due to different measurement requirements (Fenn et al., 2009; Sickman et al.,
2019). Due to atmospheric transport of reactive nitrogen, nitrogen is often introduced into
nitrogen-limited ecosystems which do not have other external sources of anthropogenic
nitrogen (Phoenix et al., 2006; Duce et al., 2008). Atmospheric reactive nitrogen transport has
a wide transport range expanding to tens to thousands of kilometres (Phoenix et al., 2006; Duce
et al., 2008; Bobbink et al., 2010). Different nitrogen forms have different ranges of transport.
Organic nitrogen compounds are essential in the long-range transport of nitrogen because their
removal processes are less effective than those of ammonium and nitrate, which are generally
deposited closer to their source (Neff et al. 2002; Nakamura, Matsumoto and Uematsu, 2005;
Cornell, 2011). Ammonia cannot be transported such long distances as well due to its
conversion to ammonium. Its maximum transport distance reaches about 50 km downwind of
the source (Van Herk et al., 2003; Huang et al., 2015). Atmospheric nitrogen deposition
appears to be seasonal in tropical regions with a dry and a wet season, characterized by a
bimodal pattern with gaseous nitrogen compounds being more evident during the dry season
and aerosol and bulk nitrogen deposition rates being higher during the wet season (Bertolini et
al., 2016).

Nitrogen deposition occurs at different rates and composition across the world due to various
anthropogenic and natural nitrogen sources and due to nitrogen transport and transformation
through meteorology and atmospheric chemistry. While the main source of reactive nitrogen
in developing countries is extensive agriculture, the main sources in industrialized countries
are industrial processes and traffic, as well as extensive agriculture. These various sources are
shaping nitrogen depositions in their immediate and more distant environments (Dentener et
al., 2006; Bertolini et al., 2016).

Urbanization is a crucial player in atmospheric nitrogen deposition as well. The highest levels
of nitrogen deposition are detected in highly populated regions like North America, Europe
and parts of Asia (Stevens et al., 2018). Urban areas are impacting the pattern of wet inorganic
nitrogen deposition and seem to be more affected by nitrogen deposition then rural and remote
locations. Cities in Europe and the USA always received higher rates of nitrogen deposition
than rural areas (Lovett et al., 2000; Power and Collins, 2010; Huang et al., 2015). There is a
significant negative correlation with wet inorganic nitrogen deposition and atmospheric nitrate
deposition with distance from urban areas due to increased NOx emissions within cities (Huang

etal., 2015). It is believed that land-use types could affect nitrogen deposition as well, although
this topic is still relatively less studied (Deng et al., 2019).



Effects of atmospheric nitrogen deposition

Due to the large variety of atmospheric nitrogen deposition, the effects of additional input of
reactive nitrogen are manifold, far-reaching and highly complex upon biological systems
(Bobbink and Hettelingh, 2011). Effects of additional nitrogen input into ecosystems depend
on the amount and forms of nitrogen deposition as well as on the receiving ecosystem and its
microbial community (Robertson and Groffman, 2015). Excessive nitrogen deposition can
have negative impacts on ecosystems (Townsend and Howarth, 2010; Song et al., 2017), such
as increased gaseous and mineral nitrogen losses from the ecosystem, changes in the plant
community functions, changes in biodiversity, soil acidification and reduction of phosphorus
availability (Zaehle et al., 2011; Clark et al., 2013; Throop and Lerdau, 2004; Matson et al.,
1999; Bertolini et al., 2016). Additional nitrogen can be taken up by microbial communities
which results in emissions of different nitrogen forms like dinitrogen gas, nitrous oxide, nitric
oxide or leached nitrogen into watersheds. The two main effects of atmospheric nitrogen
deposition are eutrophication and soil acidification. Nitrogen deposition indirectly mediates
changes in soil chemistry and other biotic and abiotic interactions which can impact ecosystems
at significant distances (Janssens et al., 2010; Bobbink et al., 2010; Stevens et al., 2018). Direct
toxicity of nitrogen gases and aerosols, on the other hand, can solely occur in at the vicinity of
locations with high atmospheric concentrations of ammonia close to a substantial nitrogen
source (Bobbink et al., 2010; Stevens et al., 2018). Effects of atmospheric nitrogen deposition
are recognized in all oligotrophic natural systems in boreal, temperate and Mediterranean
climates including forests, aquatic and marine habitats, coastal habitats, oligotrophic wetland,
grassland and heathland (Achermann and Bobbink, 2003; Bobbink and Hetelingh, 2011;
Gilliam, 2006; Pardo et al., 2011; Van Dobben and de Vries, 2016).

Additional nitrogen input into terrestrial ecosystems also impacts soil microbial communities
(Bobbink and Willems, 1987; Clark and Tilman, 2008; Horswill et al., 2008; Van den Berg et
al., 2011; Stevens et al., 2018). Soil microbial communities are crucial parts of the nitrogen
cycle as microbes are mediating all nitrogen transformations like nitrogen mineralization and
immobilization, as well as biological nitrogen fixation, nitrification and denitrification.
Microbes are able to take up nitrate, ammonium and organic nitrogen as monomers. It was long
believed that microbes prefer nitrate and ammonium over organic nitrogen. Now it is well
established that organic nitrogen contributes significantly to nitrogen nutrition of soil
microorganisms as well (Luxhgi et al., 2006; Geisseler et al., 2010).

Microbes which are able to adapt to nutrient availability have a competitive advantage, but

those organisms which are adapted to low nitrogen soils regulate the synthesis and activity of
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different enzyme systems more tightly (Koch, 1985). Numerous studies reported that the
microbial community shifts when additional nitrogen is introduced (Janssens et al., 2010).
Additional nitrogen deposition could also cause a shift in the saprotrophic community and
therefore cause changes in the decomposition of soil organic matter (SOM). Reasons for a
change could be that the saprotrophic community could switch food sources or change its
carbon use efficiency. In boreal and temperate forests, soil microbial biomass declined by 20%
on average when additional nitrogen was introduced to the ecosystem (Janssens et al., 2010).
Microbial transformations of reactive nitrogen also influence soil fertility, water quality and
atmospheric chemistry on both small and large scales (Robertson and Groffman, 2015).

Soil acidification due to additional nitrogen input can change soil chemistry, influence species
compositions and subsequently lower biodiversity of an ecosystem. In nitrogen-low
ecosystems, microorganisms usually use most acquired nitrogen to meet their own needs.
When additional nitrogen is introduced to the system, microbes consume more carbon to grow
and subsequently produce nitrate. This upregulated nitrification process triggered by an
additional ammonium supply is a significant source of soil acidification in many terrestrial
ecosystems (Robertson and Groffman 2015; VVan Dobben and De Vries, 2016). Reduced soil
pH also impacts the chemical availability of metals and other nutrients, as well as the toxicity
of aluminium (Tyler and Olsson, 2001; Schuster and Diekmann, 2003; Dise and Wright, 1995;
Stevens et al., 2018). Soil pH is vital for enzyme functioning, thus influencing microbial
activity and the decomposition of soil organic matter and plant litter (Janssens et al., 2010).
Impacts of acidification have been observed primarily in acidic soils which are poorly buffered
(Maskell et al., 2010, Stevens et al., 2018). A large fraction of soil organic matter is physically
or chemically protected from microbial decay and is consequently buffering potential effects
of additional nitrogen input in terrestrial soils. If all fractions of SOM were available for the
microbial community to use, it would affect the soil respiration and decomposition rates of an
ecosystem (Janssens et al., 2010).

Plants take up nitrogen either directly through root cell membranes, through nitrogen fixation
via symbiosis with soil rhizobial bacteria or scavenge nitrogen through associations with
mycorrhiza. (Geisseler et al., 2010). An increase in biologically available nitrogen results in
lower biodiversity due to changes in species composition caused by increased competitive
interactions between oligotrophic species and fast-growing species, making conditions
unfavourable for oligotrophs(Ceulemans et al., 2017; Hautier, Niklaus and Hector, 2009;
Stevens et al., 2018, Bobbink et al., 2010). Many plant species of nitrogen-limited ecosystems
are adapted to nutrient-poor conditions and can only compete successfully in these conditions
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(UNECE, 2016). Additional nitrogen uptake by plants can also lead to changes in plant
biochemistry and nitrogen tissue content. Higher growth rates associated with elevated nitrogen
depositions have been linked to increased sensitivity to extreme weather like frost, wind and
drought (Caporn, Ashenden, and Lee, 2000; Friedrich et al., 2012; Stevens et al., 2018).
Additional nitrogen stored in foliage could enhance herbivory and would consequently have
substantial impacts on primary and secondary consumers as well. Effects on primary and
secondary consumers could include changes in the quality and quantity of food due to changes
in the plant communities and changes due to variations in vegetation structure, such as different
nesting places (Berg and Meentemeyer, 2002).

Effects of atmospheric nitrogen deposition on soil carbon cycling and carbon storage is an
important current field of interest as well, as additional reactive nitrogen in terrestrial
ecosystems might play a relevant role in carbon cycle processes and interactions. Nitrogen-
limited terrestrial ecosystems might enhance carbon sequestration, the process of capturing and
storing atmospheric carbon dioxide, due to enhanced nitrogen fertilization. Nitrogen deposition
could be therefore linked to the carbon cycle, in particular to carbon dioxide removal from the
atmosphere due to additional primary production (Bertolini et al., 2016; Zaehle et al., 2011,
Duce et al., 2008; Galloway et al., 2008; Kanakidou et al., 2016). The dominant carbon input
into terrestrial ecosystems is through photosynthesis (Luo et al., 2015). Carbon is then
partitioned among three pools within plants, their leaves, stems and roots. Plant litter can be
divided in a metabolic litter pool which describes a labile or fast decomposing fraction, and a
structural litter pool which describes the slowly decomposing fraction and represents mostly
cell wall compounds with bound proteins and lignified structures. Carbon stored in leaves and
roots can either become metabolic litter or structural litter, while carbon stored in stems is
likely to become structural litter (Corbeels, 2001). Litter carbon can then be used by the
microbial community, which then fuels the slow SOM pool and the passive SOM pool. SOM
pools consist of structural plant litter, plant and animal residues at various stages of
decomposition, cells and tissues of soil organisms, dead microorganisms and their metabolites.
Carbon transfers are donor-pool dominated with the donors generally being trees in forested
systems, with input rates to litter and soil pools being dependent on the output rates of their
tree-donor pools. In the absence of litter, subsequent carbon pools decay and the remaining
carbon in the ecosystem, which would have been stored otherwise, is released into the
atmosphere through respiration (Luo et al., 2015). Additional nitrogen input could have various
effects on carbon cycling in soils. Short-term studies tend to detect positive effects like

enhanced ecosystem productivity, while long-term studies stated significant decreases in
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decomposition rates (Janssens et al., 2010). A meta-data analysis of Janssens et al. (2010) stated
that additional nitrogen input might hinder organic SOM decomposition and therefore
stimulate carbon sequestration in nitrogen-limited ecosystems. Another meta-analysis by Chen
et al. (2015) investigating 88 studies states that nitrogen addition increased the above-ground
plant carbon pool and slightly increased plant litter due to enhanced net primary production.
No effects of additional nitrogen on either OH or mineral soil carbon pools were reported,
however other meta-analyses state that nitrogen deposition increased soil carbon storage, while
other reports suggest an increased carbon pool in OH but not in mineral horizons (Hyvonen et
al., 2008; Janssens et al., 2010; Nave et al., 2009). The effects of nitrogen deposition on soil
organic carbon storage therefore seem to be highly context-dependent. Additional nitrogen
input may also lead to increased litterfall and decreased litter decomposition and soil
respiration, both of which foster carbon sequestration. Soil carbon pools do not seem to change
with additional nitrogen input, which could be partly explained by the decrease of below-
ground plant carbon allocation (Chen et al., 2015), while others reported increased plant root
biomass by nitrogen deposition (Xia and Wan, 2008; Lu et al., 2011). Several studies pointed
out that the impact of additional nitrogen on ecosystem carbon dynamics depends on ecosystem
type and rates of nitrogen input (Liu and Greaver, 2010; Chen et al., 2015), which could be
explained by the nitrogen saturation hypothesis. This hypothesis states that once an ecosystem
reaches nitrogen saturation, additional input of nitrogen will not increase its net primary
production but reduce plant performance and soil functions (Aber et al., 1998; Chen et al.,
2015). Although differences in results, all meta-studies suggest that atmospheric nitrogen
deposition into terrestrial ecosystems is likely to change the global carbon cycle because
nitrogen and carbon cycles are interdependent, forming the basis of biochemical cycles and
energy flows (Chapin et al., 2009; Chen et al., 2015).

Anthropogenic changes to the biogeochemical cycles of nitrogen and subsequently of carbon
add to the current climate crisis. Terrestrial ecosystems play a crucial role in regulating global
climate, with terrestrial soils being the most significant carbon sink on land (Luo et al., 2015).
All forests exposed to long-term nitrogen deposition will eventually run into nitrogen
saturation, a state in which the forest nitrogen cycle is no longer closed (Janssens et al., 2010).
Effects are dependent on the duration, total amount and forms of additional nitrogen input, the
intrinsic sensitivities of plant communities and the abiotic conditions of individual ecosystems
(Bobbink et al., 2010). Potential changes to carbon sequestration in terrestrial soil would
influence its carbon sink activity and therefore its carbon dioxide output into the atmosphere
(Nadelhoffer et al., 1999). Additional nitrogen within ecosystems also enhances nitrous oxide
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emissions into the atmosphere through increased nitrification and denitrification activities.
Nitrous oxide is a greenhouse gas, whose warming potential is 300 times higher than that of
carbon dioxide, and which additionally destroys the ozone layer in the stratosphere (Canfield
et al., 2010; Robertson and Groffman, 2015).

Accurate measurements are required to understand and mitigate the effects of atmospheric
nitrogen deposition, which is especially important when establishing critical loads of nitrogen
deposition for different ecosystems (Sickman et al., 2019). The critical loads concept was
developed under the Convention on Long-Range Transboundary Air Pollution (UNECE
LRTAP Convention) and is defined as “a quantitative estimate of an exposure to one or more
air pollutants below which significant harmful effects on specified sensitive elements of the
environment do not occur according to present knowledge”. Atmospheric nitrogen deposition
should not exceed critical load thresholds in order to enable long-term protection of
ecosystems. Most of the ecosystems in Europe exceeded critical loads of nitrogen between 2
and up to 30 kgN ha-1 a-1and higher, most of Scandinavia, parts of Portugal and Spain, Romania
and the Northern UK as exceptions (UNECE, 2016). The variety of nitrogen forms which have
to be measured separately and in different ways makes it hard to gather reliable estimations.
Organic nitrogen is often disregarded due to its various constituents and lack of previous
research, which is also potentially problematic when adapting the critical loads approach to
regions where yet insufficient data have been gathered. Relative contributions of organic and
inorganic nitrogen forms to total nitrogen deposition may vary greatly between regions where
the critical loads approach has been developed (Cornell, 2011). Another approach defining and
assessing anthropogenic influences on ecosystems is a framework of planetary boundaries
proposed by Johann Rockstrom and Will Steffen in 2009. This framework was created to define
a safe operating space for humanity based on the fundamental biophysical processes that
regulate the stability of Earth as a functioning system. Within this framework, the
biogeochemical flow of nitrogen is a control variable which crossed this defined boundary of
a safe operating space and is at a high risk to globally change the Earth system (Steffen et al.,
2015).

Due to the projected increase of the human population, it is not likely that atmospheric nitrogen
deposition will drop significantly in the near future. Therefore, changes due to additional
nitrogen input are likely to intensify (Canfield et al., 2010; Gruber and Galloway, 2008;
Kanakidou et al., 2016). The function of forest soils as a carbon sink is potentially under threat,
with major implications for global climate change.
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This study reports a trans-European manipulation experiment which investigated the functional
response of temperate forest soils to elevated atmospheric nitrogen deposition, focusing on
potential changes in soil microbial community composition, litter decomposition and soil
organic carbon turnover, as well as subsequent implications on climate change using a toolbox
of stable isotope methods. We investigated (1) if elevated nitrogen inputs affect soil microbial
activity in forest soils and (2) if soil microbial community composition responds to elevated
nitrogen input. We hypothesized that increased soil N availability will lead to increased rates
of organic matter breakdown in these nutrient —poor forest ecosystems by promoting the
activity of free-living saprophytic microorganisms. Furthermore, we hypothesized that
additional nitrogen input will induce a shift in microbial community composition away from

populations adapted to nitrogen poor conditions towards copiotrophic communities.
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Manuscript

Abstract

Contemporary sources of atmospheric reactive nitrogen are to approximately 50% associated
with human activities. Due to atmospheric transport of reactive nitrogen, nitrogen is often
introduced into nitrogen-limited ecosystems like temperate forest ecosystems. Those
anthropogenic changes to the biogeochemical cycle of nitrogen and subsequently of carbon
add to the current climate crisis in many ways. Terrestrial ecosystems play a crucial role in
regulating climate and affect climate change, with terrestrial soils being the most significant
carbon sink on land. Soil microbial communities are a crucial part of the nitrogen cycle as
microbes mediate most soil nitrogen transformations. In this report, we investigated the effects
of medium-term exposure to elevated nitrogen input in temperate forest soils (80 to 100 kg ha-
1 yr1 for 3-7 years) by tracing 15sN- and 13C-labelled litter material in bulk soils as well as in
soil microbial communities at multiple sites across Europe (Austria, Germany, UK, and
Sweden). Irrespective of differences in climatic parameters and soil chemistry, all study sites
showed a faster decomposition in bulk soil nitrogen measurements. A significantly increased
soil 13C and 15N retention was found across all four study sites. Phospholipid acid (PLFA)
analysis showed the same pattern at both investigated study sites, with decreasing the gram-
negative to gram-positive bacteria ratios under elevated nitrogen inputs. Soil respiration and
soil microbial biomass nitrogen measurements revealed contradictory results. We hypothesised
an increased rate of organic matter breakdown through added nitrogen inputs, which could be
confirmed in Germany and Sweden, but not in Austria and the UK. This indicates that other
parameters than nitrogen availability might be more important to control soil microbial activity

in those forests.
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Introduction

Atmospheric nitrogen deposition results from emissions of reactive nitrogen species and their
atmospheric transport. They are emitted by natural sources like soils, lightning, plants as well
as anthropogenic sources (Neff et al., 2002; Dentener et al., 2006; Galloway et al., 2008;
Kanakidou et al., 2016). Before anthropogenic activities like industrial agriculture based on
inorganic fertilizer usage and fossil fuel combustion, atmospheric nitrogen deposition was a
relatively unimportant nitrogen source in terrestrial and marine ecosystems. Since the industrial
and agricultural revolutions, reactive nitrogen deposition gradually became an important and
sometimes even the most dominant nitrogen source in terrestrial and marine ecosystems.
Contemporary sources of atmospheric nitrogen are approximately 50% associated with human
activities (Fowler et al., 2013; Kanakidou et al., 2016; Stevens et al., 2018). There has been a
threefold increase of nitrogen deposition over land and a twofold increase over the ocean since
the industrial and agricultural revolutions (Kanakidou et al., 2016). Reactive nitrogen
emissions in Europe have decreased or stabilized since the early 1990s due to implementations
of stricter legislations. In Southeast Asia, especially China, atmospheric nitrogen deposition is
still on the rise (Billen et al., 2013; Song et al., 2017). It has to be noted that it is hard to make
exact estimations even just for one region because it is challenging to accurately quantify all
the different nitrogen inputs by wet, particulate and gaseous forms due to different
measurement requirements (Fenn et al., 2009; Sickman et al., 2019). However, due to
atmospheric nitrogen transport, nitrogen is often introduced into nitrogen-limited ecosystems
(Phoenix et al., 2006; Duce et al., 2008). Atmospheric nitrogen transport can have a wide
transport range expanding to tens to thousands of kilometres depending on the composition of
atmospheric reactive nitrogen (Phoenix et al., 2006; Duce et al., 2008; Bobbink et al., 2010).
Due to the large range in the quantity and quality of atmospheric nitrogen deposition, the effects
of additional input of reactive nitrogen are manifold, far-reaching and highly complex upon
biological systems (Bobbink and Hettelingh, 2011). Effects of additional nitrogen input into
ecosystems depend on the amount and forms of nitrogen deposition as well as on the receiving
ecosystem and its plant and microbial community (Robertson and Groffman, 2015). Excessive
nitrogen deposition can have a negative impact on terrestrial ecosystems (Townsend and
Howarth, 2010; Song et al., 2017), resulting in increased gaseous and mineral losses from the
ecosystem, changes in the plant community functions and in biodiversity, soil acidification and
reduction of phosphorus availability (Zaehle etal., 2011; Clark et al., 2013; Throop and L erdau,
2004; Matson et al., 1999; Bertolini et al., 2016). Nitrogen is a limiting factor in most terrestrial
and marine ecosystems and therefore controls primary productivity in those ecosystems (Mills
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et al., 2004; Kanakidou et al., 2016; Stevens et al., 2018). Additional nitrogen input into
terrestrial ecosystems also impacts soil microbial communities (Bobbink and Willems, 1987;
Clark and Tilman, 2008; Horswill et al., 2008; Van den Berg et al., 2011; Stevens et al., 2018).
Soil microbial communities are crucial players of the nitrogen cycle as microbes are mediating
most soil nitrogen transformations like nitrogen mineralization and immobilization, as well as
biological nitrogen fixation, nitrification and denitrification (Luxhgi et al., 2006; Geisseler et
al., 2010). Microbes which are able to adapt to nutrient availability have a competitive
advantage, but those organisms which are adapted to low nitrogen soils regulate the synthesis
and activity of different enzyme systems more tightly (Koch, 1985). Numerous studies reported
that the microbial community shifts when additional nitrogen is introduced. Additional
nitrogen deposition could also cause a shift in the saprotrophic community and therefore cause
changes in the decomposition of soil organic matter (SOM). In boreal and temperate forests,
soil microbial biomass declined by 20% on average when additional nitrogen was introduced
to the ecosystem (Janssens et al., 2010). Microbial transformations of reactive nitrogen also
influence soil fertility, water quality and atmospheric chemistry on both small and large scales
(Robertson and Groffman, 2015).

Effects of atmospheric nitrogen deposition on the soil carbon cycle and carbon storage are an
important current research topic. Additional reactive nitrogen deposition in terrestrial
ecosystems might play a relevant role in carbon cycle processes and interactions. Nitrogen-
limited terrestrial ecosystems might enhance carbon sequestration, the process of capturing and
storing atmospheric carbon dioxide, due to enhanced nitrogen fertilization. Nitrogen deposition
could be therefore linked to the carbon cycle, in particular to carbon dioxide removal from the
atmosphere due to increased primary production (Bertolini et al., 2016; Zaehle et al., 2011,
Duce et al., 2008; Galloway et al., 2008; Kanakidou et al., 2016). Although different in their

main outcome, all current meta-analyses suggest that atmospheric nitrogen deposition into
terrestrial ecosystems is likely to change the global carbon cycle because nitrogen and carbon
cycles are interdependent forming the basis of biochemical cycles and energy flows (Chapin et
al., 2009; Chen et al., 2015). Several studies pointed out that the impact of additional nitrogen
on ecosystem carbon dynamics depends on ecosystem type and rate of nitrogen input (Liu and
Greaver, 2010; Chen et al., 2015), which could be explained by the nitrogen saturation
hypothesis. This hypothesis states that once an ecosystem reaches nitrogen saturation,
additional input of nitrogen will not increase its net primary production but reduce plant
performance and soil functions (Aber et al., 1998; Chen et al., 2015). Additional nitrogen input

may also lead to increased litterfall and decrease litter decomposition as well as decrease soil
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respiration, both of which can foster carbon sequestration. Soil carbon pools do not seem to
change with additional nitrogen input, which could be partly explained by the decrease of
below-ground plant carbon allocation (Chen et al., 2015), however contrasting results state that
plant root biomass was increased by nitrogen deposition (Xia and Wan, 2008; Lu et al., 2011).
Anthropogenic changes to the biogeochemical cycles of nitrogen and subsequently of carbon
add to the current climate crisis. Terrestrial ecosystems play a crucial role in regulating climate
change, with terrestrial soils being the most significant carbon sink on land (Luo et al., 2015).
All forests exposed to long-term nitrogen deposition will eventually run into nitrogen
saturation, a state in which the forest nitrogen cycle is no longer closed (Janssens et al., 2010).
Effects are dependent on the duration, cumulative amount and forms of additional nitrogen
input, the intrinsic sensitivities of plant communities and the abiotic conditions of individual
ecosystems (Bobbink et al., 2010). Potential changes to carbon sequestration in terrestrial soil
would influence its carbon sink activity and therefore its carbon dioxide output into the
atmosphere (Nadelhoffer et al., 1999). Additional nitrogen within ecosystems also enhances
nitrous oxide emissions into the atmosphere through additional nitrification and denitrification
activities. (Canfield et al., 2010; Robertson and Groffman, 2015). Due to the projected increase
of the human population, it is not likely that atmospheric nitrogen depositions will drop
significantly worldwide in the near future. Therefore, changes due to additional nitrogen input
are likely to intensify (Canfield et al., 2010; Gruber and Galloway, 2008; Kanakidou et al.,
2016). The function of forest soils as a carbon sink is potentially under threat, with major
implications for global climate change.

This study reports a trans-European manipulation experiment which investigated the functional
response of temperate forest soils to elevated atmospheric nitrogen deposition, focusing on
potential changes in soil microbial community composition, litter decomposition and soil
organic carbon turnover, as well as subsequent implications on climate change using a toolbox
of stable isotope methods. We investigated (1) if elevated nitrogen is affecting soil microbial
activity in forest soils and (2) whether soil microbial community composition responds to
elevated nitrogen input. We hypothesized that increased nitrogen availability will promote
organic matter breakdown in these nutrient —poor forest ecosystems through stimulation of
free-living saprophytic microorganisms. Furthermore, we hypothesized that additional
nitrogen input will induce a shift in microbial community composition from oligotrophic

populations adapted to nitrogen poor conditions towards copiotrophic communities.
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Materials and methods

Study sites

This study included four study sites distributed across Europe, representing nitrogen-limited
temperate forests in Austria, Germany, Sweden and the UK. Austrian, German and Swedish
sites were part of the trans-European ALTER-net-MSII network. Study sites were located in
Z0Obelboden, Austria, in Bayreuth, Germany, in Kindla, Sweden and in Moose House, UK. The
Austrian study site was located in a mixed coniferous-broadleaf forest on Leptosol soil. The
study site in Germany was located within a broadleaf forest dominated by Betula pendula on
Cambisol soil. The study sites in Sweden and the UK were both located in broadleaf forests,
stocking on Podzol in Sweden and Histosol in the UK. In the UK, nitrogen fertilization
treatments started in 2014, in all other countries nitrogen treatments started in June 2010. Study
site locations ranged from 23 meters above sea level (m. a.s.l.) in the UK to 632 m. a.s.l. in
Austria. Mean annual temperatures ranged between 4 °C in Sweden to 9 °C in the UK. Mean
annual precipitation (MAT) was 1800 mm at the Austrian study site, and ranged between 640
and 850 mm at the other sites. Forest soil C:N ratios varied between 15.3 in Germany and 33.9
in Sweden (Table 1).

Table 1: Characteristics of the study sites in Austria, Germany, Sweden and the UK: Location (longitude
and latitude in decimal degrees [DD]), ecosystem type, soil type, meters above sea level [m a.s.l.], mean
annual precipitation MAP [mm/yr], mean annual temperature MAT [°C/yr], soil C:N ratio, soil total nitrogen

[1g/g] and decomposition rate.

Decomposition

Study site Location (DD) Ecosystem Soil type m a.s.l MAP MAT C:N ratio Total N rate
USROS gy s wo w0 as o w
(;ee;':‘ez't‘g ﬁ:ggggg Forest - Birch Cambisol 342 638 8.30 153 3459 83
Szﬁ‘;f; ii:;gggg Forest - Broadleaf Podsol 365 850 400 339 8358
Moorléﬁouse Sgggggg Forest - Broadleaf Histosol 23 676 9.00 21.8 17483 92

Experimental design

This experiment was carried out as a randomized block design with five plots per study site.
Each plot was subdivided into a nitrogen treatment subplot and a control treatment subplot.
Each plot measured 5 mz, and subplots measured 1 m2. The plots were randomly distributed
within an area of about 20 x 20 m with at least 2 m between plots. Nitrogen treatment subplots

were watered once a month with tap water containing ammonium nitrate fertilizer. According
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to literature, we simulated an additional nitrogen input of 80 to 100 kg N/ha/yr, which is
equivalent to 8 to 10 g N/m2/yr. Control treatment subplots were watered once a month with
tap water only. Each subplot received one litter of solution every 3rd week. Fertilization was
not conducted during heavy rains. For the labelling experiment, all study sites received mesh
bags containing isotope labelled, pre-leached birch litter mixed with topsoil. Soils of one
treatment of all plots within a study site were mixed to counteract variabilities between plots.
2.65 g of dry litter was mixed with 240 g of their respective soils. Mixed soils were then filled
into mesh bags of 50 = 10 microns. This mesh size is big enough to allow access to bacteria,
fungal hyphae, most nematodes and protozoa while restricting access to mesofauna and
macrofauna. These mesh bags were each filled with 5 g of soil and re-buried at the top of the
A horizon. Eight mesh bags were re-buried on each plot, four mesh bags per treatment. At
subsequent sampling times, mesh bags were simultaneously collected from all sites and
dispatched by post for analysis. Additionally, samples were collected at the start of the
experiment with and without added labelled material on the 1st of June 2017 (TO unlabelled,
TO labelled). After samples were re-buried, they were collected on four sampling times, on the
14w of June 2017 (T1), on the 28t of June 2017 (T2), on the 26w of July 2017 (T3) and on the
30th of September 2017 (T4). 336 samples were collected in total.

Production of stable isotope labelled litter material

In order to produce isotopically labelled material, 2-year-old Betula pendula were collected.
They were then repeatedly isotopically labelled with 15N by soil amendment of 15N fertilizer,
and with 13Ccoz, using a Perspex isotopic labelling chamber. 13Ccoz2 labelling was achieved by
pulse labelling using sodium bicarbonate (NaH13COs, Sigma Aldrich, 98 atom% 13C). NaHCOs
was used according to Hood et al., (2004). We used 10 mL of 0.5 M NaH13COz solution per
injection. The 15N labelling solution was prepared from 10 atom% 15N at a solution
concentration of 50 mM ammonium nitrate (NH4NQO3). Labelling was carried out weekly over
120 days. Trees were harvested on the 15t of September 2015. Beech saplings were separated
into leaf, stem and root fractions, which were dried, weighed and coarsely ground. Leaf
samples were subsequently leached twice with boiling water and re-dried at 40 °C to reduce
the soluble N and C fractions, in order to assure even labelling and reduce the risk of leaching
losses compounding the results. Subsamples of leached materials were dried and finely ground
for subsequent isotope analysis. The produced leached leaf litter material that was isotopically
enriched and had 513C values of 4.38 %o and 515N values of 266 %o.
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Bulk soil analysis

Soil samples were immediately dried at 60 °C for three days and ball-milled afterwards. Bulk
soil analysis was conducted using 20 mg of dried soil samples. The isotopic composition of C
is reported in the delta (8) notation relative to the Vienna Pee Dee Belemnite (V-PDB) standard.
The isotopic composition of N is reported in the delta (8) notation relative to the atmospheric
N2 standard. The precision (standard deviation) of the 613Ctot and d15Ntt measurements was <
0.2%o. Every soil sample was analyzed using the Dumas combustion method with an elemental
analyser linked to an isotope ratio mass spectrometer (IRMS). Total nitrogen and organic
carbon contents as well as 615Nwt and 613Ctot Of bulk soils were measured using an EA
IsoLink™ [RMS System by Thermo Scientific™, detecting the mass-to-charge ratios (m/z) 44,
45 and 46 (CO2) and 28, 29 and 30 (N2).

Soil microbial biomass analysis

Total soil microbial biomass was measured using the chloroform-fumigation-extraction (CEF)
method (Hood et al., 2010; Makarov et al., 2015).

Aliquots of one gram fresh soil were weighed into 12 mL vacutainers. Fumigated samples were
prepared by 24-hour fumigation in ethanol-free chloroform (MTBE stabilized) in an evacuated
darkened desiccator, while un-fumigated controls were left at room temperature without
chloroform exposure. After 24 h, 8 mL 0.05 M K2SO4 was added to all samples, shaken for 1
hour and centrifuged at 3000 rpm for 10 minutes (Brookes et al., 1985; Amato and Ladd, 1988).
The supernatant was extracted using a syringe filter set-up. Aliquots (1 mL) of each sample
was dried in round-bottomed Eppendorf tubes at 60 °C until dry. Samples of 60-80 mg salt
residue were prepared for carbon and nitrogen content and isotope analysis using an EA
IsoLink™ IRMS System by Thermo Scientific™. Calculation of the isotopic signature of

microbial biomass was done using isotope and mass balance equations:

d15NmB = (815NFum * NFum - d1sNunFum * NunFum) / N

where FUM is the fumigated and UNFUM is the unfumigated fraction of CHClIs-labile

microbial biomass (Widmer et al., 1989). Samples were analysed for isotope composition of

total microbial biomass (61sNwmg), as well as percentage nitrogen and percentage carbon.
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Soil respiration analysis

Soil respiration (rate of CO2 production) was measured as described by Kitzler et al. (2006).
Respiration measurements were made on one-gram fresh soil samples accurately weighed into
12 mL gas-tight Labco Vacutainers, which were left to stand in the lab at 20°C for one day
before analysis. Sample vials were capped, repeatedly evacuated and manually refilled with
high purity helium. Empty jars without soils were used as controls. Samples were automatically
injected and measured at 120- and 620-minutes following evacuation, giving a sampling
interval of approximately 406 minutes. This was necessary to account for very low
backgrounds and to obtain flux measurements. Sampling was done using a CTC analytics
CombiPal autosampler injecting 500 pL gas withdrawn from the 12 mL vial held at 20 °C into
a Thermo-Fisher Trace Gas Chromatograph Ultra. Chromatographic separation was achieved
with a helium carrier pressure of 60 kPa, via an Agilent PoraPlot Q (25 m x 0.32 mm). The
starting temperature was 35 °C which was held for 3.5 min and raised to 105 °C by 40 °C steps
per minute. All gases were passed through a high-temperature conversion reactor (HTC,
maintained at 200°C to prevent sample re-condensation or physical conversion) installed
within a ThermoFisher GC-Isolink. 613Cco2 was measured by a ThermoFisher DeltaV isotope

ratio mass spectrometer detecting the mass-to-charge ratios (m/z) 44, 45 and 46.

Phospholipid fatty acid analysis

To investigate metabolically active soil microbial communities, phospholipid fatty acid
(PLFA) analysis was coupled with stable isotope probing (Boschker and Middelburg, 2002;
Johnsen et al., 2002; Wawra et al., 2018), with a HP5890 Series Il (Agilent, Santa Clara, USA)

connected to a Delta S via a Combustion Il Interface (Finnigan, Bremen, Germany). PLFAS
were analysed according to Watzinger (2015). Briefly, one gram of fresh soil was extracted in
a chloroform-methanol solution, the lipid fraction retained, and the phospholipid fraction
chromatographically separated from the bulk lipids. Methylation was achieved via an alkaline
methylation procedure and samples re-solubilized in iso-octane. 13:0 and 19:0 standards as
well as two blanks were run within all batches. Isotopic ratios and concentrations of PLFAs of
the resulting fatty acid methyl esters (FAMES) were calculated according to Watzinger (2015)
and 13:0 standards were used for corrections.

A total of 22 different PLFA were detected and identified by GC-combustion-IRMS: Straight-
chain saturated PLFAs (14:0, 15:0, 16:0, 18:0), monounsaturated PLFAS (16:1®5, 16:1w7+6,
17:1®8, 18:1w5c, 18:1w7c/9t, 18:1m9c), polyunsaturated PLFAs (18:2w6,9), terminally
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branched saturated PLFAs (i14:0, i15:0, i16:0, i17:0, a15:0, al17:0), cyclic PLFAs (cyl17:0,
cy19:0+cy19:1) and saturated PLFAs with mid-chain branching (10Mel7:0,
10Mel18:0+12Mel8:0, i17®»1:8+10Mel6:0). Due to overlapping peaks in the chromatogram,
separation of 16:1w7 and 16:1w06, i117:1m8 and 10Mel16:0, 10Me18:0 and 12Mel8:0, as well
as cy19:0 and 19:1 was not possible, and the peaks were integrated and analysed combined.
Some PLFAs were not included in further investigations and statistical analysis due to low and
therefore uncertain concentrations in samples, e.g. 14:0, 15:0, 10Mel7:0, 17:1»8, a17:0, i14:0
and i17:0.

d13CpLFA Of total PLFA and 13C excess of total PLFA were investigated for the Austrian and
German study sites. Additionally, fatty acids were summed into biomarker groups to
investigate changes in soil microbial communities over time. Excluding weaker biomarkers,
al5:0, i15:0, i16:0 and 10Mel18:0+12Mel18:0 were used as biomarkers for gram-positive
bacteriaand 16:1w7+6, 18:1w5¢, 18:1w7¢/9t, cy17:0 and cy19:0+19:1 as biomarkers for gram-
negative bacteria. 18:2w6,9 was used as a biomarker for fungal organisms (Wawra et al., 2018;
Watzinger et al., 2014; McKinley et al., 2005; Frostegard and Baath, 1996; Zak et al., 1996).

Data analysis

In order to investigate potential effects of elevated nitrogen input in forest soils, incorporation
of isotopically labelled litter material was investigated, which was followed as 13C excess and
15N excess. Atom percent (at%) 13C and 15N were calculated from the isotopic signatures of

015Ntot, 615N mB, 813Ctot, 013Cco2 and 613CpLFA.

at% = 100 * ((¢ + 1000) / (¢ + 1000 + (1000 / Rstandard)

where Rstandard 1S the ratio R (13C:12C) of PeeDee Belemnite (PDB) for 13C excess, or the ratio
R (15N:14N) of atmospheric air N2 (AIR) for 15N excess. Atom percent excess (APE) is then
calculated by the following approximation:

APE = ats - atn

Where atn is the atom percent of soil at natural stable isotope abundance and ats is the atom
percent of soils treated by labelled material amendment. To estimate incorporation of 13C (and
15N) into bulk soil nitrogen and carbon, microbial biomass nitrogen, soil respired CO2 and
PLFA, APE was used:
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13C excess (15N excess) = ms * (APE / 100)
where ms is the mass of the measured compound and 13C excess (15N excess) is the mass of the

labelled fraction in the measured compound.

Statistical analysis was performed with IBM SPSS statistical software version 25.0 for Mac
OS (SPSS Inc.). Graphical representation of data was performed with SigmaPlot 14.0 (Systat
Software Inc.). In order to investigate treatment effects on bulk soil nitrogen, bulk soil carbon,
soil respired COz and soil microbial nitrogen, as well as their isotope excesses two-way mixed
analysis of variance (ANOVA) was used testing for the main effects of treatment and time, as
well as their interaction. Due to fewer sampling times, one-way analysis of covariance
(ANCOVA) was used to investigate treatment effects on PLFA results.

Results

Added 13C and 1sN labelled material was utilized over time by soil microbial communities

A successful incorporation of added 15N and 13C labelled material could be observed through
significant changes of isotope enrichments between unlabelled and labelled soil (Fig. 2 and
Fig. 4). Overall, values of microbial 15N excess and 13C excess revealed a decrease over a four-
month sampling period between first and last measurements in all experiments and from all
four study sites. Statistical analysis further emphasised these results by showing significant
differences over time for microbial 15N excess as well as for 13C excess in all experiments and
all study sites as well. These results indicate the decomposition and microbial incorporation of
added labelled material in these forest soils. Additionally, isotopic excess values did not drop
to initial values of unlabelled soils in the four-month sampling time, indicating significant

retention of labelled matter.

Response of isotope excess in bulk soil N, bulk soil C, soil microbial biomass N and soil
respired CO2to elevated nitrogen input

Two-way ANOVA of 15N excess of bulk soil nitrogen showed significant differences between
treatments in all four study sites. Higher 15N excess values in nitrogen treatment subplots of
bulk soils were observed at all sampling times in all four study sites, with the last two
measuring points in Germany as exceptions. Especially strong differences of bulk soil 15N
excess values between nitrogen treatment and control treatment subplots could be observed in

Sweden.
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Similarly, high values in nitrogen treatment subplots could be detected for 13C excess values
of bulk soil carbon, with exceptions again observed in Germany as well as especially high
differences found in Sweden. Statistical analysis of 13C excess of bulk soil carbon showed
significant differences between treatments for all countries. Contrary to bulk soil nitrogen
results, 13C excess of bulk soil carbon showed significant interaction terms in all four countries,
highlighting that 13C excess did not change monotonously for both treatments over time.

The isotope excess of soil microbial biomass nitrogen and respiratory COz2, except for microbial
biomass nitrogen measurements in Austria, showed patterns similar to bulk soil trends.
Contrary to our expectation, significant differences of 1sN excess of soil microbial biomass
nitrogen between treatments were observed in Germany and Sweden but not in Austria and the
UK. In response to elevated nitrogen treatment, soil respired CO:2 showed significant
differences to control treatments in Germany and Sweden. However, statistical analysis did not
confirm any significant differences for Austria and the UK13C excess of soil respired CO2
showed significant interaction terms in all study sites except Austria, highlighting that 13C
excess did not change monotonously for elevated nitrogen input subplots compared to control
subplots over time in those study sites.

Significant interaction terms of treatment effect and time for bulk soil nitrogen as well as soil
microbial biomass nitrogen were found only in Germany, indicating that in German forest soils
15N excess responded differently over time between unamended soils and nitrogen fertilized

soils.

Response of soil microbial community composition and 13C-PLFA incorporation to elevated
nitrogen input

Phospholipid fatty acid analysis revealed high 13C uptake in gram-negative bacteria relative to
fungi and gram-positive bacteria. Results of statistical analysis using one-way ANCOVA
revealed significant differences between treatments for 13C excess of total PLFA for both
investigated study sites. Closer inspections of 13C incorporation into PLFA of different
organism groups revealed that 13C excess in PLFA of gram-negative bacteria showed
significant differences, with values of 13C excess decreasing more rapidly in nitrogen treatment
subplots of both Austrian and German study sites. Additionally, statistical analysis did not
confirm any significant differences between treatments in 13C uptake for fungi or gram-positive

bacteria in forest soils.
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Fig.2: Delta 15N values (per mil) and 15N excess (ug/g) of bulk soil nitrogen (left column) and soil microbial
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Discussion

Added isotopically labelled material was utilized by soil microbial communities

We could confirm that labelled carbon of the added litter material was released by
decomposition and subsequently utilized by the soil microbial communities. Soil CO2 efflux
showed the highest 13C enrichment shortly after labelled litter addition and thereafter steadily
declined, suggesting the rapid utilization of the added labelled litter. A continued decrease in
microbial 13C-incorporation could also be observed in all organism groups which were
investigated via PLFA analysis.

The results revealed that 15sN-labelled litter was utilized as well, with microbial biomass 15N
enrichment decreasing over time. However, 15N enrichment of the soil microbial biomass
showed relatively high fluctuation across all study sites. It is therefore plausible that the choice
of method, chloroform fumigation extraction (CFE) caused the higher variation in microbial
biomass 15N results. Despite the limitations of the CFE method, and consequently high
variations in microbial biomass 15N, the findings do nevertheless suggest that added labelled

nitrogen was utilized by soil microbial communities.

Responses of bulk soil nitrogen and carbon isotopic enrichment to elevated nitrogen input
are significant across all investigated study sites

The effects of elevated nitrogen input on biogeochemical processes in forest soils were
investigated using replicated experiments in four forest ecosystems across Europe. The study
sites differed in mean annual temperature, mean annual precipitation and site elevation, forest
composition, as well as in soil physicochemical characteristics like soil C:N ratios, and soil
nitrogen and soil carbon concentration. Despite these differences, bulk soil isotope
measurements of all four study sites showed similar responses to elevated nitrogen inputs. All
four study sites showed significant treatment effects to elevated nitrogen input in bulk soil

nitrogen and carbon isotopes.

Elevated nitrogen input shows different effects on soil respiration and soil microbial biomass
nitrogen depending on study site

Contrary to bulk soil measurements, soil respiration and microbial biomass nitrogen isotopes
showed contradictory results across study sites. Both parameters showed significant treatment
effects in Germany and Sweden, where a faster decomposition rates in nitrogen treatment

subplots could be detected, while no effects were observed in Austria and the UK. A meta-
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analysis of effects of elevated nitrogen exposure by Chen et al. (2015) stated that soil
respiration in temperate forest soils decreases when exposed to elevated nitrogen input, which
we could confirm for our German and Swedish study sites. The reason for our rather
contradictory results in Austria and the UK suggests that other parameters-controlled forest

soil microbial activity in those forest soils.

Elevated nitrogen input causes a shift in soil microbial community compositions

We found significantly faster decomposition of 13C labelled litter into total PLFA and gram-
negative bacteria when exposed to elevated nitrogen input. These results were consistent across
both investigated study sites. Differences in 13C excess of total PLFA were most likely
attributed to parallel changes in 13C excess of gram-negative bacteria. Numerous studies
reported that the microbial community shifts when additional nitrogen is introduced into forest
ecosystems (Janssens et al., 2010), which we could also confirm. Our findings are in agreement
with a meta-study of previous nitrogen-addition experiments published by Zhou et al. (2017),
which showed that nitrogen addition consistently decreased gram-negative to gram-positive

bacteria ratios.

Conclusion

This study explored the effects of elevated nitrogen deposition on temperate forest soil
microbial communities and their functions by tracing added 15sN- and 13C-labelled litter into
bulk soil, microbial biomass nitrogen, soil respiration and PLFA. The experiments were
conducted in four forest ecosystems across Europe. Irrespective of differences in climate
parameters and soil chemistry, all study sites showed similar results in bulk soil carbon and
nitrogen dynamics, where a fast decomposition could be observed with elevated nitrogen input
in all study sites except Austria. Same trend could be observed for gram-negative bacteria.
Elevated nitrogen also affected the composition of soil microbial communities by decreasing
the gram-negative to gram-positive bacteria ratio.

Soil respiration and soil microbial biomass nitrogen measurements revealed contradictory
results. We expected faster decomposition of soil organic matter through additional nitrogen
inputs for both experiments, which could be confirmed in Germany and Sweden, but not in
Austria and the UK. This highlights that other environmental factors exerted greater control

than nitrogen availability on soil microbial activity in those forests.
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Appendix

Results of bulk soil measurements as well as soil microbial biomass nitrogen, respiration

and PLFA analysis
Table 2: Arithmetic means and standard deviations of 15N excess [ug/g] and 815N [per mil] of bulk soil
measurements. Samples were taken in Austria, Germany, Sweden and the UK over a four-month sampling

time.

15N Excess [pg/g] 015N [%o]

Bulk Soil Measurments

Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0 0 -2.52+0.04 -3.04 +£0.18
17.06.14 0.37+£0.15 0.32+0.03 5.69 + 1.07 7.81+0.89
Austria 17.06.28 0.44 £ 0.02 0.41 +0.04 7.30+1.28 9.04 +1.15
17.07.26 0.46 + 0.03 0.44+0.11 7.48 £0.78 8.47 +£0.87
17.09.30 0.29 + 0.02 0.26 + 0.03 5.45 +0.92 5.49 + 1.20
unlabelled soil 0 0 0.54 +0.13 0.94 +0.15
17.06.14 0.25+0.03 0.22 £ 0.04 16.90 + 1.68 20.11 + 1.96
Germany 17.06.28 0.26 £ 0.01 0.23+0.01 15.85+ 1.02 18.49 + 1.53
17.07.26 0.20 + 0.03 0.19+0.01 14.51+1.38 18.11+0.81
17.09.30 0.19 £ 0.01 0.19 + 0.02 14.50 + 1.34 18.24 + 1.25
unlabelled soil 0 0 0.18 +0.09 -0.28 = 0.07
17.06.14 0.60 + 0.07 0.36 £ 0.05 13.57 £ 1.65 18.32 +£ 3.13
Sweden 17.06.28 0.48 £ 0.02 0.33+£0.01 11.74 £ 0.77 18.30 £ 0.70
17.07.26 0.58 £ 0.01 0.41 £ 0.03 12.61 + 0.65 19.55+1.18
17.09.30 0.41 £ 0.04 0.29 + 0.03 10.15 + 0.94 16.49 + 1.84
unlabelled soil 0 0 1.82+0.18 1.81+0.12
17.06.14 0.70 £ 0.06 0.58 £ 0.05 14.19 + 1.26 13.01+1.31
UK 17.06.28 0.63 + 0.03 0.50 + 0.09 13.02 £ 0.67 10.69 = 1.54
17.07.26 0.57 £ 0.08 0.48 £ 0.04 11.37+1.42 10.76 = 1.23
17.09.30 0.51 £ 0.07 0.45 £ 0.02 11.87 +£1.61 10.61 + 0.59

Table 3: Arithmetic means and standard deviations of 15N excess [pg/g] and 615N [per mil] of soil microbial
biomass nitrogen measurements. Samples were taken in Austria, Germany, Sweden and the UK over a four-

month sampling time.

Microbial Biomass 15N Excess [ng/g] d15N [%]
Measurements Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0 0 NA 4.01
Austria 17.06.14  0.0038 + 0.0008 0.0045 + 0.0008 8.24 + 4.67 11.05+ 3.72
17.06.28 NA NA NA NA
17.07.26  0.0027 + 0.0008 0.0027 + 0.0003 5.68 + 2.15 6.08 + 4.31
unlabelled soil 0 0 -1.30 -3.40
Germany 17.06.14  0.0066 + 0.0018 0.0036 + 0.0008 10.37 + 3.82 16.11 + 4.42
17.06.28  0.0063 + 0.0011 0.0032 + 0.0005 7.71+1.58 7.71+1.80
17.07.26  0.0035 + 0.0006 0.0031 + 0.0007 7.66 +£5.16 5.99 + 3.00
unlabelled soil 0 0 2.67 211
Sweden 17.06.14  0.0130 + 0.0034 0.0067 + 0.0013 9.82+0.93 11.35+ 3.28
17.06.28  0.0118 + 0.0015 0.0036 + 0.0005 7.45+3.35 8.00 + 3.42
17.07.26 NA NA NA NA
unlabelled soil 0 0 0.28 0.71
UK 17.06.14  0.0076 + 0.0024 0.0068 + 0.0012 16.51 +5.12 16.81+1.95
17.06.28  0.0053 + 0.0013 0.0034 + 0.0013 9.46 + 4.62 8.37 £ 3.60
17.07.26 NA NA NA NA
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Table 4: Arithmetic means and standard deviations of 13C excess [ug/g] and 613C [per mil] of bulk soil
measurements. Samples were taken in Austria, Germany, Sweden and the UK over a four-month sampling

time. Samples of Austria T2 (17.06.28) were removed due to unrealistic results.

Bulk Soil Measurments 13C Excess [ug/g] B13C [%o]
Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0 0 -27.48 + 0.01 -27.48 + 0.02
17.06.14 2.51+£0.25 2.49 £ 0.15 -26.46 + 0.14 -26.38 £ 0.22
Austria 17.06.28 NA NA NA NA
17.07.26 2.38+£0.14 2.04 £0.12 -26.50 + 0.14 -26.50 + 0.09
17.09.30 2.34+0.12 1.87 £ 0.31 -26.54 + 0.14 -26.57 + 0.18
unlabelled soil 0 0 -27.79 + 0.32 -27.55 + 0.07
17.06.14 1.44 +0.10 1.77+£0.30 -25.50+ 0.21 -24.10+ 0.41
Germany 17.06.28 1.46 £ 0.11 1.71+0.16 -25.57 + 0.13 -24.36 + 0.24
17.07.26 1.42+0.21 1.55+0.13 -25.67 + 0.41 -24.64 + 0.17
17.09.30 1.38+£0.16 1.43+0.14 -25.67 + 0.34 -24.96 + 0.18
unlabelled soil 0 0 -27.77 £ 0.03 -26.93 + 0.03
17.06.14 4,29 +0.20 1.88 +0.46 -25.95 + 0.04 -26.10 + 0.38
Sweden 17.06.28 4,71 +£0.18 1.80+0.18 -25.94 + 0.04 -26.11 £ 0.13
17.07.26 4.24 £0.10 1.65+ 0.26 -25.97 £ 0.03 -26.11+0.18
17.09.30 2.07 £0.30 1.01+0.20 -26.49 + 0.07 -26.36 = 0.19
unlabelled soil 0 0 -27.42 +0.11 -27.26 + 0.37
17.06.14 2.82 +£0.43 3.29+1.30 -26.36 + 0.07 -26.46 + 0.31
UK 17.06.28 3.74 £ 0.59 2.97 £0.31 -26.24 £ 0.21 -26.47 £ 0.19
17.07.26 2.20 £ 0.43 1.89 +0.52 -26.58 + 0.21 -26.61 + 0.29
17.09.30 2.18 £ 0.41 1.82+0.34 -26.60 + 0.18 -26.76 = 0.15

Table 5: Arithmetic means and standard deviations of 13C excess [ug/g] and 613C [per mil] of respiration

measurements. Samples were taken in Austria, Germany, Sweden and the UK over a four-month sampling

time.

Respiration Measurements

13C CO2 Excess [pg/g]

313C CO2 [%»]

Nitrogen treatment Control Nitrogen treatment Control
17.06.14 0.00071 + 0.00008 0.00065 + 0.00007 -22.85+0.21 -22.58 + 0.34
Austria 17.06.28 0.00061 + 0.00008 0.00057 + 0.00004 -22.62 + 0.65 -23.02 +0.48
17.07.26  0.00057 + 0.00010 0.00055 + 0.00003 -23.58 + 0.31 -23.74 £ 0.75
17.09.30  0.00051 + 0.00001 0.00053 + 0.00001 -24.54 + 0.40 -24.54 + 0.26
17.06.14 0.00030 + 0.00002 0.00031 + 0.00002 -17.96 + 0.89 -17.40 + 0.66
Germany 17.06.28 0.00032 + 0.00002 0.00019 + 0.00001 -18.06 + 1.28 -20.06 + 0.44
17.07.26  0.00025 + 0.00005 0.00019 + 0.00001 -19.82 + 1.13 -21.58 + 0.53
17.09.30  0.00017 + 0.00003 0.00017 £ 0.00002 -22.90 + 1.26 -22.00 + 0.46
17.06.14 0.00117 + 0.00004 0.00076 + 0.00003 -20.64 + 0.33 -19.75+ 0.29
Sweden 17.06.28 0.00116 + 0.00020 0.00075 + 0.00004 -21.04 + 1.03 -19.57 + 0.42
17.07.26  0.00113 + 0.00007 0.00094 + 0.00003 -21.72 + 0.37 -19.82 + 0.44
17.09.30  0.00094 + 0.00008 0.00073 + 0.00005 -22.80 + 0.29 -21.54 + 1.29
17.06.14 0.00096 + 0.00009 0.00082 + 0.00014 -17.36 + 0.73 -18.50 + 0.52
UK 17.06.28 0.00076 + 0.00001 0.00062 + 0.00014 -18.36 + 1.49 -20.10 + 1.03
17.07.26  0.00055 + 0.00005 0.00052 + 0.00001 -20.62 + 1.07 -21.30 £ 0.57
17.09.30  0.00029 + 0.00003 0.00042 + 0.00001 -22.22 + 1.49 -21.48 + 0.82
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Table 6: Arithmetic means and standard deviations of 13C excess [nmol/g] and 813C [per mil] of PLFA

analysis in our Austria study site.

Phospolipid Fatty Acid Analysis 13C Excess [nmol/g] d13C PLFA (%o)
Austria Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0.00 0.00 -27.63 -27.17
17.06.14 NA NA NA NA
Total PLFA 17.06.28 1.895+ 0.45 1.62+0.19 -25.26 = 0.41 -23.87 £ 0.27
17.07.26 0.129 + 0.06 1.480 + 0.12 -26.90 + 0.37 -26.31+0.36
17.09.30 NA NA NA NA
unlabelled soil 0.00 0.00 -28.10 -29.86
Gram-negative 17.06.14 NA NA NA NA
bacteria 17.06.28 0.944 + 0.52 0.555 + 0.22 -23.51+0.48 -22.84+0.14
17.07.26 0.087 + 0.05 0.513 + 0.11 -24.62 + 0.54 -23.92 £ 0.44
17.09.30 NA NA NA NA
unlabelled soil 0.00 0.00 -26.61 -26.68
17.06.14 NA NA NA NA
Fungi 17.06.28 0.001 + 0.00 0.150 + 0.04 -23.89+1.84 -23.07 +1.81
17.07.26 0.00 + 0.00 0.130 + 0.07 -24.84 +£0.20 -24.57 £ 1.27
17.09.30 NA NA NA NA
unlabelled soil 0.00 0.00 -27.11 -28.41
17.06.14 NA NA NA NA
Gram-positive bacteria 17.06.28 0.093 + 0.08 0.209 + 0.02 -23.41 + 0.66 -24.13 + 0.63
17.07.26 0.018 + 0.00 0.145 + 0.04 -26.83 + 0.62 -28.09 + 0.95
17.09.30 NA NA NA NA

Table 7: Arithmetic means and standard deviations of 13C excess [nmol/g] and 813C [per mil] of PLFA

analysis in our German study site.

Phospolipid Fatty Acid Analysis 13C Excess [nmol/g] d13C PLFA (%o)
Germany Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0.00 0.00 -27.58 -26.47
17.06.14 NA NA NA NA
Total PLFA 17.06.28 2.191+ 0.40 1.679+0.75 -24.27 +0.47 -23.27+0.72
17.07.26 NA NA NA NA
17.09.30 0.110 + 0.08 1.148 + 0.30 -25.55 +0.12 -25.79 + 0.65
unlabelled soil 0.00 0.00 -28.65 -28.50
Gram-negative 17.06.14 NA NA NA NA
bacteria 17.06.28 1.111+0.72 0.548 + 0.52 -23.93+1.54 -21.98 + 0.58
17.07.26 NA NA NA NA
17.09.30 0.039 + 0.03 0.494 + 0.31 -26.80 +1.41 -25.72 + 0.57
unlabelled soil 0.00 0.00 -28.00 -27.87
17.06.14 NA NA NA NA
Fungi 17.06.28 0.368 = 0.01 0.364 + 0.17 -21.22+1.92 -22.70 + 1.42
17.07.26 NA NA NA NA
17.09.30 0.00 + 0.00 0.00 + 0.00 -27.55 + 0.50 -27.53 £ 0.29
unlabelled soil 0.00 0.00 -27.34 -28.54
17.06.14 NA NA NA NA
Gram-positive bacteria 17.06.28 0.623 = 0.50 0.708 + 0.75 -24.91+0.94 -22.85+2.04
17.07.26 NA NA NA NA
17.09.30 0.047 + 0.05 0.103 + 0.06 -27.33+1.05 -25.85 + 2.33
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Statistical analysis of 15N excess / 13C excess and d15N / 613C values

Table 8: Results of statistical analysis (Two-way ANOVA) of 15Nt excess and 1sNme excess values of our

study sites in Austria, Germany, Sweden and the UK. Significant results are shown in bulk.

F statistics p partial 4’
Austria
- Treatment*Time F(3,54) =0.11 p =0.952 0.069
Nt Excess - Time F(3,54) = 28.10 p <0.001 1.000
- Treatment F(1,18) =4.47 p =0.049 0.517
- Treatment*Time F(1,10) =0.90 p =0.363 0.139
Nyg Excess - Time F(1,10) = 17.50 p =0.002 0.964
- Treatment F(1,10) =1.65 p=0.228 0.214
Germany
- Treatment*Time F(3,54) =2.66 p =0.057 0.129
N,or Excess - Time F(3,54) = 17.41 p <0.001 0.492
- Treatment F(1,18) =5.18 p =0.035 0.224
- Treatment*Time F(2,20) = 13.62 p <0.001 0.994
Ny Excess - Time F(2,20) = 21.19 p <0.001 1.000
- Treatment F(1,10) = 18.41 p =0.002 0.971
Sweden
- Treatment*Time F(3,54) =6.77 p =0.001 0.967
N,ot Excess - Time F(3,54) =52.75 p <0.001 1.000
- Treatment F(1,18) = 468.29 p <0.001 1.000
- Treatment*Time F(1,10) =1.06 p =0.326 0.150
Nvg Excess - Time F(1,10) =5.15 p =0.046 0.340
- Treatment F(1,10) =103.72 p <0.001 0.912
UK
- Treatment*Time F(3,54) =1.05 p=0.376 0.270
N, Excess - Time F(3,54) = 21.39 p <0.001 1.000
- Treatment F(1,18) = 40.31 p <0.001 1.000
- Treatment*Time F(1,10) =1.19 p =0.299 0.107
Nvg Excess - Time F(1,10) = 29.80 p <0.001 0.749
- Treatment F(1,10) =2.85 p =0.122 0.222
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Table 9: Results of statistical analysis (Two-way ANOVA) of 615Nt and 615sNme values of our study sites

in Austria, Germany, Sweden and the UK. Significant results are shown in bulk.

F statistics p partial 112
Austria
- Treatment*Time F(3,54) =2.60 p =0.061 0.608
ANy,  -Time F(3,54) = 32.06 p <0.001 1.000
- Treatment F(1,18) =21.92 p <0.001 0.993
- Treatment*Time F(1,10) =1.10 p=0.318 0.159
dlSNMB - Time F(1,10) = 10.78 p=0.008 0.841
- Treatment F(1,10) =0.71 p=0.418 0.120
Germany
- Treatment*Time F(3,54) =1.23 p =0.305 0.064
ANy, -Time F(3,54) =11.75 p <0.001 0.395
- Treatment F(1,18) =101.69 p <0.001 0.850
- Treatment*Time F(2,20) =4.982 p=0.018 0.748
dlSNMB - Time F(2,20) = 15.90 p <0.001 0.998
- Treatment F(1,10) = 16.60 p =0.379 0.133
Sweden
- Treatment*Time F(3,54) =2.08 p=0.113 0.504
ANy,  -Time F(3,54) = 14.42 p <0.001 1.000
- Treatment F(1,18) =239.83 p <0.001 1.000
- Treatment*Time F(1,10) =0.26 p=0.616 0.076
d®Nyg  -Time F(1,10) = 8.96 p=0.013 0.770
- Treatment F(1,10) =0.54 p=0.478 0.103
UK
- Treatment*Time F(3,54) =1.61 p=0.198 0.400
ANy,  -Time F(3,54) = 16.68 p <0.001 1.000
- Treatment F(1,18) =23.34 p <0.001 1.000
- Treatment*Time F(1,10) =0.11 p=0.012 0.061
dlSNMB - Time F(1,10) = 14.75 p =0.003 0.932
- Treatment F(1,10) =0.11 p=0.739 0.061
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Table 10: Results of statistical analysis (Two-way ANOVA) of 13Ctot excess and 13Ccoz excess values of our

study sites in Austria, Germany, Sweden and the UK. Significant results are shown in bulk.

F statistics p partial nz
Austria
- Treatment*Time F(2,36) =3.76 p =0.033 0.173
B3, Excess - Time F(2,36) = 32.32 p <0.001 0.642
- Treatment F(1,18) = 30.39 p <0.001 0.628
- Treatment*Time F(3,24)=1.11 p =0.364 0.262
13Cc02 Excess - Time F(3,24) =8.18 p=0.001 0.979
- Treatment F(1,8) =1.28 p=0.290 0.170
Germany
- Treatment*Time F(3,54) =2.60 p=0.061 0.607
13Ct0t Excess - Time F(3,54) =5.43 p =0.002 0.920
- Treatment F(1,18) =22.28 p <0.001 0.994
- Treatment*Time F(3,24) =17.35 p <0.001 1.000
13Ccor Excess - Time F(3,24) = 56.86 p <0.001 1.000
- Treatment F(1,8) =20.20 p =0.002 0.974
Sweden
- Treatment*Time F(3,54) =51.79 p <0.001 1.000
B3C, Excess - Time F(3,54) = 192.44 p <0.001 1.000
- Treatment F(1,18) =1290 p <0.001 1.000
- Treatment*Time F(1.310,24) =9.17 p =0.009 0.843
B3Ccop Excess - Time F(1.310,24) =5.77 p =0.029 0.650
- Treatment F(1,8) =97.87 p <0.001 1.000
UK
- Treatment*Time F(3,54) =2.841 p =0.046 0.650
13Ct0t Excess - Time F(3,54) =20.51 p <0.001 1.000
- Treatment F(1,18) =4.92 p =0.040 0.555
- Treatment*Time F(3,24) =4.99 p =0.008 0.224
13Ccor Excess - Time F(3,24) = 66.08 p <0.001 1.000
- Treatment F(1,8) =0.29 p=0.293 0.169
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Table 11: Results of statistical analysis (Two-way ANOVA) of 313Ctt and 813Ccoz values of our study sites

in Austria, Germany, Sweden and the UK. Significant results are shown in bulk.

F statistics p partial nz
Austria
dl3cmt - Treatment*Time F(2,36) =0.73 p =0.488 0.039
- Time F(2,36) = 3.867 p =0.030 0.177
- Treatment F(1,18) =0.36 p =0.555 0.020
- Treatment*Time F(3,24) =0.94 p =0.364 0.226
dBCeop - Time F(3,24) = 34.53 p <0.001 1.000
- Treatment F(1,8) =0.23 p=0.641 0.071
Germany
- Treatment*Time F(3,54) =6.08 p =0.001 0.948
d13(:t0t ~Time F(3,54) = 14.00 p <0.001 1.000
- Treatment F(1,18) = 251.60 p <0.001 1.000
- Treatment*Time F(3,24) =11.99 p <0.001 0.998
d13Ccoz ~Time F(3,24) = 88.72 p <0.001 1.000
- Treatment F(1,8) =1.85 p =0.210 0.226
Sweden
- Treatment*Time F(3,54) =3.16 p =0.032 0.702
d3Cy  -Time F(3,54) = 23.48 p <0.001 1.000
- Treatment F(1,18) =6.06 p=0.024 0.644
- Treatment*Time F(3,24) =1.01 p =0.402 0.242
dBCeop - Time F(3,24) = 19.10 p <0.001 1.000
- Treatment F(1,8) = 41.43 p <0.001 1.000
UK
- Treatment*Time F(3,54) =0.71 p =0.548 0.192
dl3(:t0t - Time F(3,54) =7.92 p <0.001 0.985
- Treatment F(1,18) =13.65 p =0.002 0.937
- Treatment*Time F(3,24) =2.71 p =0.067 0.585
d13cc02 ~Time F(3,24) = 29.94 p <0.001 1.000
- Treatment F(1,8) =4.32 p=0.071 0.449
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Table 12: Results of statistical analysis (One-way ANCOVA) of 13C excess and 613C values of total PLFA
as well as PLFA of gram-negative bacteria, fungi and gram-positive bacteria of Austria. Significant results
are shown in bulk.

Austria F statistics p partial
Total PLFA

3¢ £ Excess F(1,7) = 400.94 p <0.001 0.983
d®Cora F(1,7) =0.03 p =0.862 0.005
Gram-negative bacteria

13Cora EXcess F(1,7) =37.45 p <0.001 0.843
d3Coira F(1,7)=0.22 p =0.648 0.031
Fungi

3¢ £ Excess F(1,7) = 0.26 p =0.622 0.037
d"Cora F(1,7) = 0.04 p =0.831 0.007
Gram-positive bacteria

13Cora EXcess F(1,7) = 3.67 p =0.097 0.344
d3Coira F(1,7) =3.78 p =0.093 0.351

Table 13: Results of statistical analysis (One-way ANCOVA) of 13C excess and 613C values of total PLFA
as well as PLFA of gram-negative bacteria, fungi and gram-positive bacteria of Germany. Significant results
are shown in bulk.

Germany F statistics p partial 1]2
Total PLFA

13 ra Excess F(1,7) =37.45 p <0.001 0.843
d®Coira F(1,7) =0.09 p =0.765 0.014
Gram-negative bacteria

13, ra Excess F(1,7) =5.99 p =0.044 0.461
d®Coira F(1,7) =0.57 p =0.473 0.076
Fungi

13,4 EXCeSs

d"Coyra F(1,7) =0.00 p =0.935 0.001
Gram-positive bacteria

13Cora EXcess F(1,7) =0.03 p =0.855 0.005
d"Coea F(1,7) =1.05 p =0.338 0.131
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Concentrations of bulk soil, soil microbial biomass, respiration and PLFA measurements

Table 14: Concentration nitrogen [ug/g], concentration carbon [ug/g] and C:N ratio of bulk soil

measurements.
Bulk Soil Measurments Concentration Nitrogen (ng/g) Concentration Carbon (pg/g) C:N ratio
Nitrogen treatment Control Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 10685 + 55 10373 + 31 218838 + 587 221650 + 340 20.48 +0.12 21.37 £ 0.07
17.06.01 11474 + 31 9330 + 59 256119 + 247 199539 + 1191 22.32+0.04 21.39+0.12
Austria 17.06.14 11905 + 3625 8495 + 402 236103 + 13468 185762 + 5143 21.98 + 0.40 22.22 +0.49
17.06.28 11636 + 334 9318 + 254 231675 + 6511 185031 + 6108 19.92 + 0.44 19.86 + 0.58
17.07.26 12811 + 786 12467 + 4860 235693 + 19556 189635 + 16977 18.29 + 0.99 16.66 + 4.38
17.09.30 10454 + 666 8142 + 546 240397 + 7032 179021 + 9258 22.41 +0.43 22.01 + 0.51
unlabelled soil 3671 + 143 3227 + 137 56963 + 3067 49407 + 2299 15.52 + 0.38 15.31+0.31
17.06.01 4555 + 142 3197 £ 75 78430 + 1905 52296 + 1071 17.22+0.14 16.36 + 0.15
Germany 17.06.14 3981 + 576 3136 + 334 63834 + 7673 48446 + 4025 16.16 + 1.66 15.49 + 0.69
17.06.28 4700 + 313 3688 + 171 70919 + 6418 50974 + 3913 15.09 + 0.91 13.81+0.71
17.07.26 3949 + 441 3264 + 348 62118 + 5115 48896 + 4114 15.80 + 0.90 15.05+ 1.13
17.09.30 3918 + 194 3200 + 281 65031 + 3027 50529 + 4116 16.61 + 0.63 15.82+ 0.91
unlabelled soil 12888 + 23 4751 + 66 177098 + 1398 436390 + 1077 37.28 £ 0.38 33.86 + 0.07
17.06.01 12658 + 103 5865 + 39 212360 + 3426 425128 + 308 36.21 + 0.10 33.59 + 0.10
Sweden 17.06.14 12178 + 418 5075 + 514 423085 + 8974 188839 + 17660 34.38 £ 0.71 37.32+ 249
17.06.28 11755 + 297 4912 + 185 437587 + 7503 194750 + 9161 37.40 £ 0.80 39.53+0.71
17.07.26 13285 + 164 6001 + 577 434745 + 9522 201327 + 17894 32.72 £ 0.53 33.58 + 0.88
17.09.30 11461 + 356 4871 + 293 434993 + 8125 190308 + 12909 37.97+£0.78 39.07 +1.43
unlabelled soil 17430 + 984 17548 + 1958 405555 + 26645 382569 + 21127 23.27 +1.49 21.80+1.25
17.06.01 16934 + 777 17777 + 1096 387999 + 32420 369519 + 19351 22.91+0.68 20.79 + 0.61
UK 17.06.14 14964 + 1783 15118 + 913 351216 + 17200 376160 + 9787 2290+ 1.28 24.95 +1.33
17.06.28 15451 + 333 15844 + 513 361595 + 22445 382005 + 11790 23.10 + 1.00 2413+ 0.94
17.07.26 16456 + 544 16524 + 235 363610 + 17220 376820 + 17278 22.10+0.75 23.20 + 0.60
17.09.30 14420 + 1299 14842 + 598 351452 + 39972 375236 + 11306 24.33+1.01 25.30 £ 0.72

Table 15: Concentration nitrogen [pg/g], concentration carbon [pg/g] and C:N ratio of soil microbial

biomass nitrogen measurements.

Microbial bi Concentration N (ug/g) Concentration C (ng/g) C:N ratio
measurements Nitrogen treatment Control Nitrogen treatment Control Nitrogen treatment Control

17.06.01 112 284 205 683 2.78 2.78+1.72
17.06.14 207 + 103 109 + 19 2272 + 313 1687 + 111 6.72 +0.80 6.81+ 0.95

Austria 17.06.28 NA NA NA NA NA NA
17.07.26 303 + 133 249 + 101 994 + 221 855 + 154 2.98 = 0.66 3.46 + 0.67
17.09.30 325 + 60 187 + 84 1872 + 575 1484 + 252 4.99 +0.91 511+1.34

17.06.01 NA NA NA NA 3.70 8.17
17.06.14 100 + 6 36 + 30 465 + 100 373+5 5.23+1.09 6.02+1.78
Germany 17.06.28 126 + 21 60 + 15 841+ 110 525 + 31 6.31+0.98 6.50 = 0.68
17.07.26 92+ 29 99 + 33 365 + 277 672 + 382 3.84+0.88 5.03+0.78
17.09.30 91+24 58 + 21 329 + 92 249 + 62 4.19 +0.37 4.58 + 0.75

17.06.01 NA NA NA NA 5.27 411
17.06.14 246 + 64 120 + 31 1459 + 325 502 + 171 7.38+0.90 7.31+0.58
Sweden 17.06.28 338 + 61 105 + 36 1843 + 333 9334 + 394 6.98 = 1.32 9.31+1.72
17.07.26 481 + 88 125+ 32 1935 + 315 747 + 383 5.58 +£0.41 8.39+0.94

17.09.30 NA NA NA NA NA NA

17.06.01 NA NA NA NA 5.76 6.25
17.06.14 102 + 41 95+ 24 792 + 246 1014 + 313 9.19 + 0.62 10.33+1.28
UK 17.06.28 260+ 73 168 + 66 1027 + 536 1056 + 295 7.43+215 7.69 +1.47

17.07.26 NA NA NA NA NA NA

17.09.30 NA NA NA NA NA NA
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Table 16: Concentration of respired COz2 [ug/g] of soil respiration measurements

Respiration Measurements

Concentration C-CO2 (ng/g)

Nitrogen treatment Control

17.06.14 12.98 + 2.59 12.50 + 1.45

. 17.06.28 12.37 £ 2.52 10.64 +1.39
Austria

17.07.26 16.08 + 3.46 16.51 + 2.10

17.09.30 16.01 +1.84 16.78 + 3.72

17.06.14 2.90 +£0.27 2.64 + 0.54

Germany 17.06.28 3.07+0.31 2.43 + 0.05

17.07.26 3.26 + 0.56 3.14 +0.27

17.09.30 3.27+0.70 3.03+0.51

17.06.14 16.49 + 1.53 8.15+0.75

17.06.28 20.29 + 4.59 9.05+0.73
Sweden

17.07.26 22.23 +1.88 11.90+0.84

17.09.30 21.96 + 1.39 11.57 + 1.54

17.06.14 8.69 + 0.38 8.58 +1.24

UK 17.06.28 7.85+0.48 8.12 + 1.65

17.07.26 8.15+1.36 8.018 + 0.58

17.09.30 6.22 + 0.58 6.50 +1.04

Table 17: Concentration carbon [nmol PLFA/g] of phospholipid acid analysis

Concentration PLFA analysis

Austria

[nmol PLFA/g| Nitrogen treatment Control Nitrogen treatment Control
unlabelled soil 0.00 0.00 0.00 0.00
17.06.14 NA NA NA NA
Total PLFA 17.06.28 6401 + 2832 3504 + 759 10532 + 1962 3233 + 2956
17.07.26 616 + 244 6402 + 1590 NA NA
17.09.30 NA NA 608 + 289 3663 + 1550
unlabelled soil 0.00 0.00 0.00 0.00
Gram-negative 17.06.14 NA NA NA NA
bacteria 17.06.28 3487 + 1837 1211 + 340 1611 + 1100 1363 + 1103
17.07.26 138+ 74 1808 + 1429 NA NA
17.09.30 NA NA 308 + 171 1246 + 965
unlabelled soil 0.00 0.00 0.00 0.00
17.06.14 NA NA NA NA
Fungi 17.06.28 538 + 668 216 + 61 1224 + 160 245 + 141
17.07.26 31+29 1554 + 631 NA NA
17.09.30 NA NA 6+1 58 + 41
unlabelled soil 0.00 0.00 0.00 0.00
17.06.14 NA NA NA NA
Gram-positive bacteria 17.06.28 459 + 265 1365 + 334 4511 + 1203 2856 + 3372
17.07.26 79 +31 2735 + 1340 NA NA
17.09.30 NA NA 168 + 50 163 + 104

-39-



References

Donald E. Canfield, Alexander N. Glazer, Paul G. Falkowski, 2011, The Evolution and Future of Earth’s Nitrogen
Cycle. Science 330, 192 (2010).

G.P. Robertson and P.M. Groffman, 2015. Nitrogen Transformations. Pages 421-446 in E. A. Paul, editor. Soil

microbiology, ecology and biochemistry. Fourth edition. Academic Press, Burlington, Massachusetts, USA.

R. Bobbink, M. Hornung and J. G. M. Roelofs, 1998. The Effects of Air-Borne Nitrogen Pollutants on Species
Diversity in Natural and SemiNatural European Vegetation. Journal of Ecology 1998, 86, 717-738.

Gruber, N., Galloway, J.N., 2008. An Earth-system perspective of the global nitrogen cycle. Nature 451, 293—
296.

Knute J. Nadelhoffer, Bridget A. Emmett, Per Gundersen, O. Janne Kjgnaas, Chris J. Koopmansk, Patrick
Schleppi, Albert Tietemak & Richard F. Wright, 1999. Nitrogen deposition makes a minor contribution to carbon
sequestration in temperate forests. NATURE, VOL 398.

James N. Galloway, Alan R. Townsend, Jan Willem Erisman, Mateete Bekunda, Zucong Cai, John R. Freney,
Luiz A. Martinelli, Sybil P. Seitzinger, Mark A. Sutton, 2008. Transformation of the Nitrogen Cycle: Recent
Trends, Questions, and Potential Solutions. Science 320, 192 (2008).

Jason C. Neff, Alan R. Townsend, Gerd Gleixnerk, Scott J. Lehman, Jocelyn Turnbull§ & William D. Bowman,
2002. Variable effects of nitrogen additions on the stability and turnover of soil carbon. Nature, Vol 419, 31
October 2002.

F. Dentener, S. Kinne, T. Bond, O. Boucher, J. Cofala, S. Generoso, P. Ginoux, S. Gong, J. J. Hoelzemann, A.
Ito, L. Marelli, J. E. Penner, J.-P. Putaud, C. Textor, M. Schulz, G. R. van der Werfl, and J. Wilson, 2006.
Emissions of primary aerosol and precursor gases in the years 2000 and 1750 prescribed data-sets for AeroCom.
Atmos. Chem. Phys., 6, 4321-4344, 2006.

M. Kanakidou, S. Myriokefalitakis, N. Daskalakis, G. Fanourgakis, 2016. Past, Present, and Future Atmospheric
Nitrogen Deposition. DOI: 10.1175/JAS-D-15-0278.1.

David Fowler, Mhairi Coyle, Ute Skiba, Mark A. Sutton, J. Neil Cape, Stefan Reis, Lucy J. Sheppard, Alan
Jenkins, Bruna Grizzetti, James N. Galloway, Peter Vitousek, Allison Leach, Alexander F. Bouwman, Klaus
Butterbach-Bahl, Frank Dentener, David Stevenson, Marcus Amann and Maren Voss, 2013. The global nitrogen
cycle in the twenty-first century. Phil Trans R Soc B 368: 20130164.

-40 -



Carly J. Stevens, Thomas |. David, Jonathan Storkey, 2018. Atmospheric nitrogen deposition in terrestrial
ecosystems: Its impact on plant communities and consequences across trophic levels. Functional Ecology.
2018;32: 1757-1769.

R. J. Kieber, M. S. Long and J. D. Willey, 2005. Factors Influencing Nitrogen Speciation
in Coastal Rainwater. Journal of Atmospheric Chemistry (2005) 52: 81-99.

Nakamura, T., K. Matsumoto and M. Uematsu, 2005. Chemical characteristics of aerosols transported from Asia
to the East China Sea: an evaluation of anthropogenic combined nitrogen deposition in autumn. Atmos. Environ.,
39, 1749-1758.

Kimberly A. Mace, Nilgin Kubilay, Robert A. Duce, 2003. Organic nitrogen in rain and aerosol in the eastern
Mediterranean atmosphere: An association with atmospheric dust. Journal of geophysical research, Vol. 108, NO.
D10, 4320.

Sarah E. Cornell, 2011. Atmospheric nitrogen deposition: Revisiting the question of the importance of the organic
component. Environmental Pollution 159 (2011) 2214e2222.

Silvia M. Calderon, Noreen D. Poor and Scott W. Campbell, 2007. Estimation of the particle and gas scavenging
contributions to wet deposition of organic nitrogen, Atmospheric Environment, 10.1016/j.atmosenv.2006.06.067,
41, 20, (4281-4290).

Stuart W. Gibb, R. Fauzi, C. Mantoura, Peter S. Liss, Ray G. Barlow, 1999. Distributions and biogeochemistries
of methylamines and ammonium in the Arabian Sea. Deep-Sea Research 11 46 (1999) 593—615.

Krystyna Gorzelska, James N. Galloway, Karen Watterson, William C. Keene, 1992. Water-soluble primary
amine compounds in rural continental precipitation. Atmospheric Environment Vol. 26, Issue 6 (1992) 1005-
1018.

Kenneth Mopper and Rod G. Zika, 1987. Free Amino Acids in Marine Rains: Evidence for Oxidation and
Potential Role in Nitrogen Cycling. Nature Vol 325 (1987).

M. H. Timperley, R. J. Vigor-Brown, M. Kawashima, M. Ishigami, 1895. Organic Nitrogen Compounds in
Atmospheric Precipitation: Their Chemistry and Availability to Phytoplankton. Canadian Journal of Fisheries and

Aguatic Sciences, 1985, 42 (6), 1171-1177.

S. P. Seitzinger and R. W. Sanders, 1999. Atmospheric Inputs of Dissolved Organic Nitrogen Stimulate Estuarine
Bacteria and Phytoplankton. Limnology and Oceanography, Vol. 44, No. 3, Part 1 (1999), pp. 721-730.

-41 -



Teresa Bertolini, Chris R. Flechard, Ferdinando Fattore, Giacomo Nicolini, Paolo Stefani, Stefano Materia,
Riccardo Valentini, Gaia Vaglio Laurin, Simona Castaldi, 2016. DRY and BULK atmospheric nitrogen deposition
to a West-African humid forest exposed to terrestrial and oceanic sources. Agricultural and Forest Meteorology
218-219 (2016) 184-195.

Xuejun Liu, Ying Zhang, Wenxuan Han, Aohan Tang, Jianlin Shen, Zhenling Cui, Peter Vitousek, Jan Willem
Erisman, Keith Goulding, Peter Christie, Andreas Fangmeier & Fusuo Zhang, 2013. Enhanced nitrogen deposition

over China. Nature volume 494, pages 459-462.

Ling Song, Fuhong Kuang, Ute Skiba, Bo Zhu, Xuejun Liu, Peter Levy, Anthony Dore, David Fowler, 2017. Bulk
deposition of organic and inorganic nitrogen in southwest China from 2008 to 2013. Environmental Pollution 227
(2017) 157e166.

Wen Xu, Yuanhong Zhao, Xuejun Liu, Anthony J. Dore, Lin Zhang, Lei Liu, Miaomiao Cheng, 2018.
Atmospheric nitrogen deposition in the Yangtze River basin: Spatial pattern and source attribution. Environmental
Pollution 232 (2018) 546e555.

Katherine B. Benedict, Anthony J. Prenni, Amy P. Sullivan, Ashley R. Evanoski-Cole, Emily V. Fischer, Sara
Callahan, Barkley C. Sive, Yong Zhou, Bret A. Schichtel and Jeffrey L. Collett Jr, 2018. Impact of Front Range
sources on reactive nitrogen concentrations and deposition in Rocky Mountain National Park. Peer], DOI
10.7717/peerj.4759.

Bangliang Deng, Xishuai Liu, Liya Zheng, Qian Liu, Xiaomin Guo, Ling Zhang, 2019. Effects of nitrogen
deposition and UV-B radiation on seedling performance of Chinese tallow tree (Triadica sebifera): A

photosynthesis perspective. Forest Ecology and Management 433 (2019) 453-458.

Dennis Lamb and Van Bowersox, 2000. The national atmospheric deposition program: An overview.
Atmospheric Environment 34(11):1661-1663.

James O. Sickman, Amanda E. James, Mark E. Fenn, Andrzej Bytnerowicz, Delores M. Lucero, Peter M.
Homyak, 2019. Quantifying atmospheric N deposition in dryland ecosystems: A test of the Integrated Total
Nitrogen Input (ITNI) method. Science of the Total Environment 646 (2019) 1253-1264.

Swiss contribution to the effects-oriented work under the Convention on Long-range Transboundary Air Pollution
(UNECE), 2016. Critical Loads of Nitrogen and their Exceedances.

Steffen Will, Richardson Katherine, Rockstrdm Johan, Cornell Sarah, Fetzer Ingo, Bennett Elena, Biggs Reinette,

Carpenter Stephen, de Vries Wim, de Wit Cynthia, Folke Carl, Gerten Dieter, Heinke Jens, Mace Georgina,

-42 -


https://www.bafu.admin.ch/bafu/en/home/topics/air/publications-studies/publications/Critical-Loads-of-Nitrogen-and-their-Exceedances.html
https://www.bafu.admin.ch/bafu/en/home/topics/air/publications-studies/publications/Critical-Loads-of-Nitrogen-and-their-Exceedances.html

Persson Linn, Ramanathan Veerabhadran, Reyers Belinda, Sorlin Sverker, 2015. Sustainability. Planetary
boundaries: guiding human development on a changing planet. Science (New York, N.Y.), February 13, 2015,
Vol.347(6223), p.1259855.

Ackerman, D., Millet, D. B., & Chen, X., 2019. Global estimates of inorganic nitrogen deposition across four
decades. Global Biogeochemical Cycles, 33, 100-107.

Gilles Billen, Josette Garnier and Luis Lassaletta, 2013. The nitrogen cascade from agricultural soils to the sea:

modelling nitrogen transfers at regional watershed and global scales. Phil Trans R Soc B 368: 20130123.

M.E. Fenn, J.0. Sickman, A. Bytnerowicz, D.W. Clow, N.P. Molotch, J.E. Pleim, G.S. Tonnesen, K.C. Weathers,
P.E. Padgett and D.H. Campbell, 2009. Methods for Measuring Atmospheric Nitrogen Deposition Inputs in Arid
and Montane Ecosystems of Western North America. Environmental Science, Vol. 91 1474-8177.

Gareth K. Phoenix, W. Kevin Hicks, Steve Cinderby, Johan C. I. Kuylenstierna, William D. Stock, Frank J.
Dentener, Ken E. Giller, Amy T. Austin, Rod D. B. Lefroy, Ben S. Gimeno, Mike R. Ashmore and Philip Ineson,
2006. Atmospheric nitrogen deposition in world biodiversity hotspots: the need for a greater global perspective
in assessing N deposition impacts. Global Change Biology (2006) 12, 470-476.

R. A. Duce, J. LaRoche, K. Altieri, K. R. Arrigo, A. R. Baker, D. G. Capone, S. Cornell, F. Dentener, J. Galloway,
R. S. Ganeshram, R. J. Geider, T. Jickells, M. M. Kuypers, R. Langlois, P. S. Liss, S. M. Liu, J. J. Middelburg,
C. M. Moore, S. Nickovic,A. Oschlies, T. Pedersen, J. Prospero, R. Schlitzer, S. Seitzinger, L. L. Sorensen, M.
Uematsu, O. Ulloa, M. Voss, B. Ward, L. Zamora, 2008. Impacts of Atmospheric Anthropogenic Nitrogen on the
Open Ocean. Science (New York, N.Y.), Vol.320(5878), pp.893-897.

R. Bobbink, K. Hicks J. Galloway, T. Spranger, R. Alkemade, M. Ashmore, M. Bustamante, S. Cinderby, E.
Davidson, F. Dentener, B. Emmett, J-W. Erisman, M. Fenn, F. Gilliam, A. Nordin, L. Pardo, W. De Vries,
2010. Global assessment of nitrogen deposition effects on terrestrial plant diversity: a synthesis. Ecological
Applications, 20(1), 2010, pp. 30-59.

Van Herk, C., Mathijssen-Spiekman, E., & De Zwart, D., 2003. Long distance nitrogen air pollution effects on
lichens in Europe. The Lichenologist, 35(4), 347-359. doi:10.1016/S0024-2829(03)00036-7.

Juan Huang & Wei Zhang & Xiaomin Zhu & Frank S. Gilliam & Hao Chen & Xiankai Lu & Jiangming Mo,
2015. Urbanization in China changes the composition and main sources

of wet inorganic nitrogen deposition. Environ Sci Pollut Res (2015) 22:6526-6534.

Josep Pefiuelas, Jordis Ardans, Albert Rivas Ubach and Ivan A. Janssen, 2012. The human-induced imbalance
between C, N and P in Earth’s life system. Global Change Biology (2012) 18, 3-6.

-43 -



Hua-Yun Xiao, Cong-Guo Tang, Hong-Wei Xiao, Xue-Yan Liu, Cong-Qiang Liu, 2010. Stable sulphur and
nitrogen isotopes of the moss Haplocladium microphyllum at urban, rural and forested sites. Atmospheric
Environment 44 (2010) 4312e4317.

Gary M. Lovett, Kathleen C. Weathers and William V. Sobczak, 2000. Nitrogen Saturation and Retention in
Forested Watersheds of the Catskill Mountains, New York. Ecological Applications, Vol. 10, No. 1 (2000), pp.
73-84.

S.A. Power, C.M. Collins, 2010. Use of Calluna vulgaris to detect signals of nitrogen deposition across an
urbanerural gradient. Atmospheric Environment 44 (2010) 1772-1780.

Roland Bobbink and Jean-Paul Hettelingh, 2011. Review and revision of empirical critical loads and dose-
response relationships. Rijksinstituut voor Volksgezondheid en Milieu RIVM B-WARE (KUN).

Alan Townsend and R. W. Howarth, 2010. Fixing the Global Nitrogen Problem. Scientific American 302(2):64-
71.

Sonke Zaehle, Philippe Ciais, Andrew D. Friend and Vincent Prieur, 2011. Carbon benefits of anthropogenic

reactive nitrogen offset by nitrous oxide emissions. Nature Geoscience, Vol. 4 (2011)

Christopher M. Clark, Yongfei Bai, William D. Bowman, Jane M. Cowles, Mark E. Fenn, Frank S. Gilliam,
Gareth K. Phoenix, llyas Siddique, Carly J. Stevens, Harald U. Sverdrup, Heather L. Throop, 2013. Nitrogen
Deposition and Terrestrial Biodiversity. Encyclopedia of Biodiversity (Second Edition) 2013, Pages 519-536.

Heather L. Throop and Manuel T. Lerdau, 2004. Effects of Nitrogen Deposition on Insect Herbivory: Implications

for Community and Ecosystem Processes. Ecosystems (2004) 7: 109-133.

Pamela A. Matson, William H. McDowell, Alan R. Townsend, Peter M. Vitousek, 1999. The globalization of N

deposition; ecosystem consequences in tropical environments. Biogeochemistry (1999) 46: 67.

Matthew M. Mills, Celine Ridame, Margaret Davey, Julie La Roche & Richard J. Geider, 2004. Iron and
phosphorus co-limit nitrogen fixation in the eastern tropical North Atlantic. Nature volume 429, 292-294 (2004).

I. A. Janssens, W. Dieleman, S. Luyssaert, J-A. Subke, M. Reichstein, R. Ceulemans, P. Ciais,
A.J. Dolman, J. Grace, G. Matteucci, D. Papale, S. I. Piao, E-D. Schulze, J. Tang and B. E. Law, 2010. Reduction

of forest soil respiration in response to nitrogen deposition. Nature Geoscience, VOL 3, MAY 2010.

Achermann, B. and Bobbink, R. (eds.).. 2003, Empirical Critical Loads of Nitrogen, Environmental

Documentation 164, Swiss Agency for Environment Forests and Landscape, Berne, 327 pp.

-44 -



Frank S. Gilliam, 2006. Response of the Herbaceous Layer of Forest Ecosystems to Excess Nitrogen Deposition.
Journal of Ecology, Vol. 94, No. 6 (2006), pp. 1176-1191.

Linda H. Pardo, Mark E. Fenn, Christine L. Goodale, Linda H. Geiser, Charles T. Driscoll, Edith B. Allen, Jill S.
Baron, Roland Bobbink, William D. Bowman, Christopher M. Clark, Bridget Emmett, Frank S. Gilliam, Tara L.
Greaver, Sharon J. Hall, Erik A. Lilleskov, Lingli Liu, Jason A. Lynch, Knute J. Nadelhoffer, Steven S. Perakis,
Molly J. Robin-Abbott, John L. Stoddard, Kathleen C. Weathers, Robin L. Dennis, 2011. Effects of nitrogen
deposition and empirical nitrogen critical loads for ecoregions of the United States. Ecological Applications,
21(8), 2011, pp. 3049-3082.

Han F. van Dobben, Wim de Vries, 2016. The contributon of nitrogen depositon to the eutrophicaton signal in

understorey plant communites of European forests. Ecology and Evoluton 2017; 7: 214-227.

R. Bobbink and J. H. Willems, 1987. Increasing dominance of Brachypodium pinnatum (L.) beauv. in chalk
grasslands: A threat to a species-rich ecosystem. Biological Conservation VVolume 40, Issue 4, 1987, Pages 301-
314.

Clark C. M., Tilman D., 2008. Loss of plant species after chronic low-level nitrogen deposition to prairie
grasslands. Nature. 2008 Feb 7; 451(7179):712-5.

Paul Horswill, Odhran O'Sullivan, Gareth K. Phoenix, John A. Lee, Jonathan R. Leake, 2008. Base cation
depletion, eutrophication and acidification of species-rich grasslands in response to long-term simulated nitrogen
deposition. Environmental Pollution VVolume 155, Issue 2, September 2008, Pages 336-349.

LeonJ. L. Van den Berg, Philippe Vergeer, Tim C.G. Rich, Simon M. Smart, Dan Guest, Mike R. Ashmore, 2011.
Direct and indirect effects of nitrogen deposition onspecies composition change in calcareous grasslands. Global
Change Biology (2011)17, 1871-1883.

Jesper Luxhgi, Sander Bruun, Bo Stenberg, Tor A. Breland, Lars Stoumann Jensen, 2006. Prediction of gross and
net N mineralization-immobilization-turnover from respiration. Soil Science Society of America Journal

70(4):1121-1128.

Daniel Geisseler, William R. Horwath, Rainer Georg Joergensen, Bernard Ludwig, 2010. Pathways of nitrogen
utilization by soil microorganisms e A review. Soil Biology & Biochemistry 42 (2010) 2058e2067.

Koch, A.L., 1985. The macroeconomics of bacterial growth. In: Fletcher, M., Floodgate, G.D. (Eds.), Bacteria in

their Natural Environments. Academic Press, London, pp. 1e42.

Germund Tyler and Tommy Olsson, 2001. Plant uptake of major and minor mineral elements as influenced by
soil acidity and liming. Plant and Soil 230: 307-321, 2001.

=45 -



Brigitte Schuster, Martin Diekmann, 2003. Changes in species density along the soil pH gradient — evidence
from German plant communities. Folia Geobot (2003) 38: 367.

N. B. Dise, R. F. Wright, 1995. Nitrogen leaching from European forests in relation to nitrogen deposition. Forest
Ecology and Management 71 (1995) 153- 161.

Lindsay C. Maskell, Simon M. Smart, James M. Bullock, Ken Thompson and Carly J. Stevens, 2010. Nitrogen
deposition causes widespread loss of species richness in British habitats. Global Change Biology (2010)16, 671
679.

Ceulemans T., Hulsmans E., Berwaers S., Van Acker K., Honnay O., 2017. The role of aboveground competition
and nitrogen vs. phosphorus enrichment in seedling survival of common European plant species of semi-natural
grasslands. PLoS ONE 12(3): e0174380.

Yann Hautier, Pascal A. Niklaus, Andy Hector, 2009. Competition for Light Causes Plant Biodiversity Loss After
Eutrophication. Science 324(5927):636-8.

S.J. M. Caporn, T. W. Ashenden, J. A. Lee, 2000. The effect of exposure to NO2 and SO2 on frost hardiness in

Calluna vulgaris. Environmental and Experimental Botany VVolume 43, Issue 2, April 2000, Pages 111-119.

Friedrich, U., von Oheimb, G., Kriebitzsch, WU., Schleelmann K., Weber M. S., Hardtle W., 2012. Nitrogen
deposition increases susceptibility to drought - experimental evidence with the perennial grass Molinia caerulea
(L.) Moench. Plant Soil (2012) 353: 59.

S. Christodoulaki, G. Petihakis, M. Kanakidou, N. Mihalopoulos, K. Tsiaras, G. Triantafyllou, 2013. Atmospheric
deposition in the Eastern Mediterranean. A driving force for ecosystem dynamics. Journal of Marine Systems

Volumes 109-110, January 2013, Pages 78-93.

Bjorn Berg, Vernon Meentemeyer, 2002. Litter quality in a north European transect versus carbon storage
potential. Plant and Soil (2002) Volume 242, Issue 1, pp 83-92.

Yiqi Luo, Trevor F. Keenan, Matthew Smith, 2015. Predictability of the terrestrial carbon cycle. Global Change
Biology (2015) 21, 1737-1751, doi: 10.1111/gch.12766.

Corbeels M (2001) Plant litter and decomposition: general concepts and model approaches. NEE Workshop
proceedings

David S. Lebauer and Kathleen K. Treseder, 2008. Nitrogen Limitation of Net Primary Productivity in Terrestrial
Ecosystems Is Globally Distributed. Ecology, Vol. 89, No. 2 (2008), pp. 371-379.

-46 -



Xia, J.Y.and Wan, S.Q. (2008) Global Response Patterns of Terrestrial Plant Species to Nitrogen Addition. New
Phytologist, 179, 428-439.

Hao Chen, Dejun Li, Geshere A. Gurmesa, Guirui Yu, Linghao Li, Wei Zhang, Huajun Fang, Jiangming Mo,
2015. Effects of nitrogen deposition on carbon cycle in terrestrial ecosystems
of China: A meta-analysis. Environmental Pollution 206 (2015) 352e360.

Xiankai Lu, Qinggong Mao, Frank S. Gilliam, Yigi Luo, Jiangming Mo, 2011. Nitrogen deposition contributes to
soil acidification in tropical ecosystems. Global Change Biology, December 2014, Vol.20(12), pp.3790-3801.

Hyvonen Riitta, Persson Tryggve, Andersson Stefan, Olsson Bengt, Agren Goran, Linder Sune, 2008. Impact of
long-term nitrogen addition on carbon stocks in trees and soils in northern Europe. Biogeochemistry, Vol.89(1),
pp.121-137.

Nave L.E, Vance, E. D., Swanston C. W., Curtis P. S., 2009. Impacts of elevated N inputs on north temperate
forest soil C storage, C/N, and net N-mineralization. Geoderma, 2009, VVol.153(1), pp.231-240.

Liu Lingli, Greaver Tara, 2010. A global perspective on belowground carbon dynamics under nitrogen
enrichment. Ecology Letters, Jul 2010, Vol.13(7), p.819

John Aber, William McDowell, Knute Nadelhoffer, Alison Magill, Glenn Berntson, Mark Kamakea, Steven
McNulty, William Currie, Lindsey Rustad and Ivan Fernandez, 1998. Nitrogen Saturation in Temperate Forest
Ecosystems BioScience Vol. 48, No. 11 (Nov., 1998), pp. 921-934.

David M. Chapin, L. C. Bliss, L. J. Bledsoe, 2009. Environmental regulation of Nitrogen-fixation in a high arctic
lowland ecosystem. Canadian Journal of Botany 69(12):2744-2755.

Hood RC, Khan M, Haque A, Khadir M, Bonetto JP et al. (2004) Carbon sequestration and estimated carbon
credit values as measured using 13C labelling and analysis by means of an optical breath test analyser. Analytical
and Bioanalytical Chemistry 379: 242-246.

Hood-Nowotny, Rebecca & Hinko-Najera, Nina & Inselsbacher, Erich & Lachouani, Petra & Wanek, Wolfgang,
2010. Alternative Methods for Measuring Inorganic, Organic, and Total Dissolved Nitrogen in Soil. Soil Science
Society Of America Journal. 74. 1018-1027. 10.2136/sssaj2009.0389.

Makarov, Mikhail & Malysheva, T. & Menyailo, Oleg & Soudzilovskaia, Nadejda & Logtestijn, Richard &
Cornelissen, Johannes. (2015). Effect of K 2 SO 4 concentration on extractability and isotope signature (6 13 C
and 6 15 N) of soil C and N fractions: Extractability, 6 13 C and & 15 N of soil C and N fractions. European
Journal of Soil Science. 66. 10.1111/ejss.12243.

-47 -



P. C. Brookes, Andrea Landman, G. Pruden, D. S. Jenkinson, 1985. Chloroform fumigation and the release of soil
nitrogen: A rapid direct extraction method to measure microbial biomass nitrogen in soil. Soil Biology and
Biochemistry, Volume 17, Issue 6, 1985, Pages 837-842.

M. Amato, J. N. Ladd, 1988. Assay for microbial biomass based on ninhydrin-reactive nitrogen in extracts of

fumigated soils. Soil Biology and Biochemistry, Volume 20, Issue 1, 1988, Pages 107-114.

Widmer P, Brookes PC, Parry LC (1989) Microbial biomass nitrogen measurements in soils containing large

amounts of inorganic nitrogen. Soil Biol Biochem 21:865-867.

B. Kitzler, S. Zechmeister-Boltenstern, C. Holtermann, U. Skiba, K. Butterbach-Bahl, 2006. Controls over
N20, NOx and CO2 fluxes in a calcareous mountain forest soil. Biogeosciences, European Geosciences
Union, 2006, 3 (4), pp.383-395.

H.T.S. Boschker, J.J. Middelburg, 2002. Stable isotopes and biomarkers in microbial ecology, FEMS
Microbiology Ecology, Volume 40, Issue 2, May 2002, Pages 85-95.

Johnsen Anders R., Winding Anne, Karlson Ulrich, Roslev Peter, 2002. Linking of Microorganisms to
Phenanthrene Metabolism in Soil by Analysis of 13C-Labeled Cell Lipids. Applied and Environmental
Microbiology, 2002, Vol. 68(12), p.6106.

A. Wawra, W. Friesl-Hanl, M. Puschenreiter, G. Soja, T. Reichenauer, C. Roithner, A. Watzinger, 2018.
Degradation of polycyclic aromatic hydrocarbons in a mixed contaminated soil supported by phytostabilisation,
organic and inorganic soil additives. Science of the Total Environment 628-629 (2018) 1287-1295.

A. Watzinger, S. Feichtmair, B. Kitzler, F. Zehentner, S. Kloss, B. Wimmer, S. Zechmeister-Boltenstern, G. Soja,
2014. Soil microbial communities responded to biochar application in temperate soils and slowly metabolized
13C-labelled biochar as revealed by 13C PLFA analyses: results from a short-term incubation and pot

experiment. European Journal of Soil Science, January 2014, 65, 40-51.

Andrea Watzinger, 2015. Microbial phospholipid biomarkers and stable isotope methods help reveal soil
functions. Soil Biology and Biochemistry, VVolume 86, July 2015, Pages 98-107.

V.L. McKinley, A.D. Peacock, D.C. White, 2005. Microbial community PLFA and PHB responses to ecosystem

restoration in tallgrass prairie soils. Soil Biology & Biochemistry 37 (2005) 1946-1958.

Frostegard and Baath, 1996. The use of phospholipidfatty acid analysis to estimate bacterial and fungal biomassin
soil. Biol Fertil Soils (1996) 22:59-65.

-48 -



Zak, D.R., Ringelberg, D.B., Pregitzer, K.S., Randlett, D.L., White, D.C., Curtis, P.S., 1996. Soil microbial
communities beneath Populus grandidentata grown under elevated atmospheric CO2. Ecological Applications 6,
257-262.

Amundson, R., A. T. Austin, E. A. G. Schuur, K. Yoo, V. Matzek, C. Kendall, A. Uebersax, D. Brenner, and W.
T. Baisden, 2003. Global patterns of the isotopic composition of soil and plant nitrogen. Global Biogeochem.
Cycles, 17(1), 1031.

Hedwall Per-Ola, Brunet Jorg, Rydin Hakan, 2017. Peatland plant communities under global change: negative

feedback loops counteract shifts in species composition. Ecology, January 2017, Vol.98(1), pp.150-161.

Alf Ekblad, Anders Nordgren, 2002. Is growth of soil microorganisms in boreal forests limited by carbon or
nitrogen availability? Plant and Soil (2002) 242: 115.

Smith JL & Paul EA. 1990. The significance of soil microbial biomass estimations. Bollag J-M and Stotsky G,
eds. Soil Biochemistry. New York, USA: Dekker, 357-396.

Stark JM, Hart SC, 1997. High rates of nitrification and nitrate turnover in undisturbed coniferous forests. Nature
385: 61-64.

Qishui Zhang ; Zak, John C, 1998. Effects of water and nitrogen amendment on soil microbial biomass and fine
root production in a semi-arid environment in West Texas. Soil Biology and Biochemistry, 1998, Vol.30(1),
pp.39-45.

Antonio Gallardo, William H. Schlesinger, 1994. Factors limiting microbial biomass in the mineral soil and forest

floor of a warm-temperate forest. Soil Biology and Biochemistry, Vol 26, Issue 10, 1409-1415.

Zhenghu Zhou, Chuankuan Wang, Mianhai Zheng, Lifen Jiang, Yiqi Luo, 2017. Patterns and mechanisms of
responses by soil microbial communities to nitrogen addition. Soil Biology & Biochemistry 115 (2017) 433e441.

Douglas L. Godbold, Marcel R. Hoosbeek, Martin Lukac, M. Francesca Cotrufo, Ivan A. Janssens, Reinhart
Ceulemans, Andrea Polle, Eef J. Velthorst, Giuseppe Scarascia-Mugnozza, Paolo De Angelis, Franco Miglietta
& Alessandro Peressotti, 2006. Mycorrhizal hyphal turnover as a dominant process for carbon input into soil
organic matter. Plant and Soil (2006) 281:15-24.

=49 -



	Zusammenfassung
	General introduction
	Nitrogen cycle
	Atmospheric nitrogen deposition
	Effects of atmospheric nitrogen deposition

	Manuscript
	Abstract
	Introduction
	Materials and methods
	Study sites
	Experimental design
	Production of stable isotope labelled litter material
	Bulk soil analysis
	Soil microbial biomass analysis
	Soil respiration analysis
	Phospholipid fatty acid analysis
	Data analysis

	Results
	Added 13C and 15N labelled material was utilized over time by soil microbial communities
	Response of isotope excess in bulk soil N, bulk soil C, soil microbial biomass N and soil respired CO2 to elevated nitrogen input
	Response of soil microbial community composition and 13C-PLFA incorporation to elevated nitrogen input

	Discussion
	Added isotopically labelled material was utilized by soil microbial communities
	Responses of bulk soil nitrogen and carbon isotopic enrichment to elevated nitrogen input are significant across all investigated study sites
	Elevated nitrogen input shows different effects on soil respiration and soil microbial biomass nitrogen depending on study site
	Elevated nitrogen input causes a shift in soil microbial community compositions

	Conclusion

	Appendix
	Results of bulk soil measurements as well as soil microbial biomass nitrogen, respiration and PLFA analysis
	Statistical analysis of 15N excess / 13C excess and δ15N / δ13C values
	Concentrations of bulk soil, soil microbial biomass, respiration and PLFA measurements

	References

