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Summary

An unprecedented increase in nitrogen (N) emissions since the 1970s has changed soils
N-to-phosphorus (P) stoichiometry, i.e. the relation of N and P in soil. Yet, the conse-
quences of increased nutrient supply on soil microbial communities and element cycling
driven by microorganisms are poorly understood. Relatively constrained element ratios
in the microbial biomass have been found, indicating stoichiometric homeostasis of micro-
bial biomass. Thus, independent of their surroundings, microorganisms keep a relatively
constant biomass carbon (C):N:P ratio, whereas the resources they feed on can have
much larger and highly variable element ratios. The concept of Ecological Stoichiometry
explains ecological processes based on their elemental ratios and thus by acknowledging
chemical constraints on organismal functioning. Yet, it is unclear if Ecological Stoichio-
metry can be used as a framework predicting element cycling in terrestrial ecosystems.
A main research question of this thesis was if microorganisms largely drive C, N, and P
cycling in grassland soils by maintaining their biomass stoichiometry. To do the latter,
microorganisms are thought to adjust processes of element partitioning and turnover,
as well as of element acquisition. Novel isotopic methods enabled us to study microbial
element partitioning and turnover, two processes that largely determine element cycling.

To understand element cycling in grasslands on a global scale, we studied six experi-
mental sites on three continents. Seven to nine years of N, P, and NP additions allowed
us to study the consequences of changing element inputs on soil microbial element par-
titioning, turnover, and acquisition. We used novel isotopic methods based on 18O and
33P labelling of the microbial DNA to study carbon use efficiency (CUE) and element
turnover times in the microbial biomass. We determined microbial biomass C and N
with chloroform-fumigation, net C and N mineralization in incubation experiments, ex-
tracellular enzyme activities with fluorogenic substrates, and non-symbiotic N2 fixation
in a 15N labelled atmosphere. Further, we used physiological assays to screen for P-
solubilizing bacteria (PSB) and we analyzed the PSB and the microbial community via
Sanger and Illumina Sequencing, respectively.

After years of nutrient addition, ratios of available soil elements strongly changed,
whereas microbial biomass stoichiometry was unaffected confirming the concept of stoi-
chiometric homeostasis. Microbial C partitioning, the ratio between C allocated to
growth and C taken up, called soil microbial CUE, correlated with substrate stoichio-
metry. Microorganisms respired less when substrate stoichiometry was closer to their
own biomass stoichiometry, whereas they respired more when thriving on substrate with
a more unfavorable stoichiometry. Besides element partitioning, microorganisms adjusted
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turnover times of elements in their biomass. For the first time, we showed that with de-
creasing P availability, the mean residence time of P in the microbial biomass increased
likely because microorganisms recycled P more efficiently internally. Besides C partition-
ing and P turnover, microorganisms adjusted processes of element acquisition to their
stoichiometric demands. Non-symbiotic N2 fixation was correlated with soil N:P ratios
showing that the energy-consuming process of N2 fixation depended on sufficient P to
enable ATP production and at the same time on low N availabilities. Microbial release of
N, net N mineralization, was highly dependent on substrate stoichiometry in the way that
microorganisms released more N, when N compared to C availability was high and vice
versa. However, the activity of leucine-aminopeptidase, a N-acquiring enzyme, was not
related to substrate stoichiometry. Further, the relative abundance of PSB was related
to soil C:P ratios indicating that the production of organic acids, that solubilize P, needs
sufficient C sources. Organic P can be mineralized through phosphatases, extracellular
enzymes. Phosphatase activity increased with rising N availability indicating that (i)
microbial P demand increased to maintain biomass stoichiometry and that (ii) more N
enabled the production of enzymes. Further, element availabilities were the main drivers
of element cycling as opposed to microbial community change at one site in the USA
confirming the importance of element availabilities on element cycling in grasslands.
In conclusion, Ecological Stoichiometry has proven to be a promising tool for explain-

ing and predicting various element cycling rates in grasslands. However, it needs to be
considered that besides element ratios climatic variables, soil pH, and soil texture im-
pacted element cycling rates. Further, not all processes, such as leucine-aminopeptidase
activity, were driven by microbial homeostasis. Nevertheless, based on stoichiometric
homeostasis of soil microorganisms, many element cycling rates can be understood and
predicted in more detail. Thus, Ecological Stoichiometry should be considered as a key
concept in terrestrial ecology.
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Zusammenfassung

Ein nie dagewesener Anstieg der Stickstoff (N)-Emissionen seit den 1970ern hat die N-
zu-Phosphor (P)-Stöchiometrie der Böden verändert, d. h. das Verhältnis von N zu P im
Boden. Dennoch sind die Auswirkungen gestiegener Nährstoffeinträge auf mikrobielle
Gemeinschaften und Stoffkreisläufe im Boden kaum verstanden. In der mikrobiellen
Biomasse wurden konstante Elementverhältnisse gefunden, die auf stöchiometrische Ho-
möostase der mikrobiellen Biomasse hindeuten. Dies bedeutet, dass Mikroorganismen,
unabhängig von der Umgebung, ein relativ stabiles Kohlenstoff (C):N:P-Verhältnis in
ihrer Biomasse aufweisen, wohingegen ihre Nahrungsquellen viel größere und variable
Elementverhältnisse haben. Das Konzept der Ökologischen Stöchiometrie erklärt ökol-
ogische Prozesse basierend auf Elementverhältnissen und erkennt somit chemische Ein-
schränkungen auf das Funktionieren der Organismen an. Dennoch ist unklar, ob das
Konzept der Ökologischen Stöchiometrie als Basis zur Prognose von zentralen Stoffumset-
zungsprozessen in terrestrischen Ökosystemen verwendet werden kann. Eine Hauptfrage
dieser Arbeit war, ob Mikroorganismen durch die Aufrechterhaltung ihrer Biomasse-
Stöchiometrie C-, N- und P-Kreisläufe in Grasländern bestimmen. Um ihre Biomasse-
Stöchiometrie zu bewahren, wird angenommen, dass Mikroorganismen die Element-
Partitionierung, die Verweilzeiten von Elementen in der Biomasse und die Raten der
Nährstoffakquise anpassen. Erst neue Isotopenmethoden haben es uns ermöglicht, die
Element-Partitionierung und die Verweilzeit von Elementen in der Biomasse zu erforschen.

Um Stoffkreisläufe in Grasländern zu verstehen, haben wir sechs Experimente auf drei
Kontinenten erforscht. Sieben bis neun Jahre der N-, P- und NP-Zugabe ermöglichten
es uns die Auswirkungen veränderter Elementverfügbarkeiten auf mikrobielle Element-
Partitionierung, die Verweilzeit von Elementen in der Biomasse und die Nährstoffakquise
zu studieren. Um die C-Nutzungseffizienz und die Element-Verweilzeiten in der mikro-
biellen Biomasse zu analysieren, haben wir neuartige Isotopenmethoden basierend auf
18O- und 33P-Markierung der mikrobiellen DNA verwendet. Wir haben C und N in der
mikrobiellen Biomasse mittels der Chloroform-Fumigation, netto C- und N-Mineralisie-
rung in Inkubationsexperimenten, extrazelluläre Enzymaktivitäten mit fluoreszierenden
Substraten und nicht-symbiotische N2-Fixierung in einer 15N-markierten Atmosphäre
bestimmt. Außerdem haben wir physiologische Assays benutzt, um P-Solubilisierende-
Bakterien (PSB) zu finden und die PSB- und mikrobielle Gemeinschaft wurde via Sanger
und Illumina Sequenzierung erfasst.

Nach Jahren der Nährstoffzugabe haben sich die Verhältnisse der verfügbaren Ele-
mente im Boden stark verändert, wohingegen die Elementverhältnisse in der mikrobiellen
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Biomasse gleichblieben, welches das Konzept der stöchiometrischen Homöostase von
Mikroorganismen bestätigt. Die mikrobielle C-Partitionierung, das Verhältnis von dem
für Wachstum bereit-gestelltem C und dem aufgenommenen C, auch C-Nutzungseffizienz,
war mit der Substrat-Stöchiometrie korreliert. Mikroorganismen haben weniger respiri-
ert, wenn die Substrat-Stöchio-metrie näher an ihrer eigenen Biomasse-Stöchiometrie
lag, wohingegen sie mehr in Nährstoff-akquise investierten und damit mehr atmeten,
wenn sie auf Substrat mit unvorteilhafterer Stöchiometrie wuchsen. Neben der Element-
Partitionierung haben Mikroorganismen die Verweilzeit von Elementen in ihrer Biomasse
angepasst. Zum ersten Mal haben wir gezeigt, dass mit abnehmender P-Verfügbarkeit
die mittlere Verweilzeit von P in der mikrobiellen Biomasse zunahm, vermutlich, weil die
Mikroorganismen P effizienter intern wiederverwendet haben. Neben der C-Partitionie-
rung und den Element-Verweilzeiten, haben die Mikroorganismen Prozesse der Nährstof-
fakquise an ihre stöchiometrischen Bedürfnisse angepasst. Die nicht-symbiotische N2-
Fixierung war mit den Boden-N:P-Verhältnissen korreliert, was zeigt, dass die energie-
aufwändige N2-Fixierung auf genügend P für die ATP-Produktion und gleichzeitig auf
geringe N-Verfügbarkeit angewiesen war. Die mikrobielle N-Freisetzung, die N-Mineralisie-
rung, war stark abhängig von der Substrat-Stöchiometrie, insofern, dass Mikroorganis-
men mehr N freisetzten, wenn die N- im Vergleich zur C-Verfügbarkeit hoch war. Die
Aktivität der Leucin-Aminopeptidase, ein N-akquirierendes Enzym, war jedoch nicht mit
der Substrat-Stöchiometrie verknüpft. Weiterhin war die relative Abundanz der PSB
mit den C:P-Verhältnissen im Boden verknüpft, was andeutet, dass die Produktion von
organischen Säuren, die zur P-Solubilisierung beitragen, auf C-Quellen angewiesen ist.
Organischer P kann durch das extrazelluläre Enzym Phosphatase mineralisiert werden,
und die Phosphatase-Aktivität nahm mit zunehmender N-Verfügbarkeit zu. Dies deutet
an, dass (a) der mikrobielle P-Bedarf zunahm, um die Biomasse-Stöchiometrie auszu-
gleichen und, dass (b) mehr N die Produktion von N-reichen Enzymen ermöglichte. Im
Gegensatz zur mikrobiellen Artenzusammensetzung, waren Elementverfügbarkeiten die
wesentlichen Triebkräfte der Stoffumsetzungsprozesse in einem Grasland in den USA.
Zusammengefasst hat sich das Konzept der Ökologischen Stöchiometrie als vielver-

sprechendes Werkzeug erwiesen, welches diverse Stoffumsetzungsprozesse in Grasländern
erklären und vorhersagen kann. Jedoch muss beachtet werden, dass neben den Ele-
mentverhältnissen klimatische Bedingungen, Boden-pH und Bodentextur diese Prozesse
beeinflussten. Außerdem wurden nicht alle Prozesse, wie die Leucin-Aminopeptidase-
Aktivität, von mikrobieller Homöostase angetrieben. Nichtsdestotrotz können basierend
auf der stöchiometrischen Homöostase von Bodenmikroorganismen viele Stoffumsetzungs-
prozesse verstanden und besser vorhergesagt werden. Deshalb sollte das Konzept der
Ökologischen Stöchiometrie als ein Kernkonzept der terrestrischen Ökologie betrachtet
werden.
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1.1 Introduction

1.1 Introduction

1.1.1 Atmospheric nutrient deposition and grasslands

The input of nutrients to ecosystems has been greatly increased through anthropogenic
activities (Galloway et al., 2004; Schlesinger, 2009; Wang et al., 2015). Since 1970, the
emission of reactive nitrogen (N) has more than doubled (Galloway et al., 2008; Gruber
and Galloway, 2008). Around 200 Tg N per year enter the biosphere through burning
of fossil fuels, fertilizer inputs, and biological fixation of atmospheric N by cultivated
legumes and rice (Peñuelas et al., 2012), whereas annual phosphorus (P) inputs by in-
dustrial fertilizers are currently estimated at 17 Tg P. Thus, the increases in N exceed the
increases in P in most regions of the world, changing soils N:P stoichiometry (Peñuelas
et al., 2013). The N emissions result in atmospheric N deposition > 1 g N m−2 yr−1

in large regions of the world (Galloway et al., 2004) and it has been predicted that in
2050 some regions may receive up to 5 g N m−2 yr−1 (Galloway et al., 2004). Currently,
50–80% of terrestrial N is deposited in natural and semi-natural ecosystems (Dentener
et al., 2006) such as grasslands.

Grasslands are among the largest ecosystems of the world and their area is estimated at
40.5% of the terrestrial surface excluding Greenland and Antarctica (Suttie et al., 2005).
Grasslands are critically endangered biomes because of extensive habitat loss (Hoekstra
et al., 2005), they harbor large parts of the terrestrial biodiversity (White et al., 2000),
and account for about 30% of the world’s terrestrial net primary production (Fay et al.,
2015). Further, they play an important role in mitigating climate change because they
store large amounts of carbon (C) and can also sequester additional C (O’Mara, 2012).
Global grassland soil C stocks are estimated at approximately 343 Gt C, about double
the amount stored in forests (Conant, 2010).

The effects of increasing N and P inputs on plant growth (Fay et al., 2015; Stevens
et al., 2015), diversity (Clark and Tilman, 2008; Harpole et al., 2016), and community
composition (Cleland and Harpole, 2010) in grassland ecosystems are well studied. How-
ever, the consequences of increased nutrient inputs on soil element cycling driven by
microorganisms and on microbial communities are less well understood. Understanding
changes in soil element cycling under nutrient inputs is pivotal for Earth System Model
projections of future climate scenarios (Crowther et al., 2019), especially considering the
high grassland C stocks.

1.1.2 Stoichiometric homeostasis of soil microorganisms

Microorganisms largely drive the cycling of C, N, and P in soils (Vitousek et al., 2010),
hence they are assumed to govern ecosystem responses to the globally increased N and P
availabilities (Galloway et al., 2008; Wang et al., 2015; Peñuelas et al., 2013). One dom-
inant factor shaping microbial C, N, and P cycling is the stoichiometric relationship be-
tween microorganisms and their environment (Hall et al., 2011; Zechmeister-Boltenstern
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1.1 Introduction

et al., 2015; Spohn, 2016).

In 1958, Alfred Redfield found well-constrained C:N:P ratios in marine planktonic
biomass around the world (Redfield, 1958). This homeostatic element ratio in phyto-
plankton was called “Redfield ratio” thereafter. A new theory called “Ecological Stoichio-
metry” has evolved thereof trying to understand the stoichiometric relation between
organisms and their environment (Sterner and Elser, 2002). It uses elemental ratios to
explain ecological processes by taking chemical constraints on metabolic and physiologic
functions of organisms into account (Mooshammer et al., 2014). The theory of Eco-
logical Stoichiometry has been increasingly used in terrestrial ecosystems. It is also of
special interest there, because microorganisms recycle C and N mainly as CO2 and am-
monium that in the end contribute to global warming and plant nutrition, respectively
(Mooshammer et al., 2014).

Even though element concentrations of individual phylogenetic strains may vary (Moug-
inot et al., 2014), on average well-constrained element ratios have been found for soil mi-
croorganisms (Cleveland and Liptzin, 2007), showing that they maintain stoichiometric
homeostasis. Stoichiometric homeostasis means that independent of their surroundings,
organisms keep a relatively constant biomass C:N:P ratio. In global meta-analyses, mi-
crobial biomass C:N:P ratios of 60:7:1 (Cleveland and Liptzin, 2007) and 42:6:1 (Xu et
al., 2013) have been found. In contrast, the resources the microbial biomass feeds on,
can be highly variable in their stoichiometry and have much larger element ratios. For
instance, wood can have average C:N:P ratios of 14,103:40:1 (Weedon et al., 2009), leaf
litter of 3,055:43:1 (Yuan and Chen, 2009), and soil of 186:13:1 (Cleveland and Liptzin,
2007).

According to the theory of consumer-driven nutrient recycling, homeostatic organisms
are expected to regulate their element stoichiometry by releasing excess elements and
retaining limited elements (Sterner and Elser, 2002; Zechmeister-Boltenstern et al., 2015).
More detailed, depending on microbial element demand and supply, microorganisms are
thought to maintain their biomass stoichiometry by (i) element acquisition (mobilization
of missing elements), by (ii) adjusting partitioning and turnover times of elements in their
biomass, and by (iii) element release (production of CO2, inorganic N, and P, Figure 1)
(Spohn, 2016). Consequently, stoichiometric relationships play a pivotal role in shaping
processes such as decomposition of organic material, non-symbiotic N2 fixation, and P
solubilization (Figure 1). Understanding controls and constraints on microbial biomass
stoichiometry in more detail, can help to predict when the microbial biomass acts as sink
or source of C and mineral nutrients in a wide range of ecosystems (Bardgett et al., 2008;
Hall et al., 2011).

1.1.3 Microbial element partitioning and turnover time

As a measure to cope with stoichiometric imbalances between substrate and microbial
biomass, microorganisms can adjust element partitioning and turnover times (Spohn,
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1.1 Introduction

Decomposition

 N2 fixation

P solubilization

Element acquisition Element partitioning
and turnover

Element release

Microbial biomass

DOC

CO2

Ni

Pi

-
-

Figure 1: Processes of element acquisition, partitioning and turnover, and release driven by soil
microorganisms (adapted from Spohn, 2016, created with BioRender.com).

2016). Elements taken up into the microbial biomass are partitioned between growth
and release. The ratio of an element invested into growth over total element uptake is
called element use efficiency.

1.1.3.1 C partitioning

Soil microbial carbon use efficiency (CUE) is defined as ratio between C allocated to
growth and C taken up by microorganisms (del Giorgio and Cole, 1998). Even though
soil microbial CUE shapes soil C cycling, it is poorly understood how increasing N
and P availabilities affect it. It is assumed that if the stoichiometry of the substrate
microorganisms feed on is much larger than the stoichiometry of the microbial biomass,
CUE decreases because microorganisms need to invest more C and energy into nutrient
acquisition (Manzoni et al., 2012; Sinsabaugh et al., 2013). The stoichiometry of the
substrate on which soil microorganisms feed is reflected by the C:N ratio of dissolved
organic matter (DOC:DN ratio). In accordance with this concept, soil microbial CUE
decreased with rising DOC:DN ratios in natural soils (Sinsabaugh et al., 2013; Sinsabaugh
et al., 2016; Manzoni et al., 2017). However, other studies could not confirm this relation
in fertilized soils (Manzoni et al., 2012) and in rice straw (Devêvre and Horwáth, 2000).

1.1.3.2 Element turnover time in the microbial biomass

Further, microorganisms can maintain their biomass stoichiometry by adjusting the
turnover time or mean residence time of individual elements in the microbial biomass.
The turnover time can indicate how long an element remains in the microbial biomass
(Spohn, 2016). With decreasing availability of an element, it is assumed that the mean
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1.1 Introduction

residence time of this element in the microbial biomass increases because microorganisms
recycle this element more efficiently internally (Spohn, 2016). This adaption might allow
microorganisms to thrive on nutrient-poor substrate whose stoichiometry is much larger
than that of the microbial biomass.

1.1.4 Microbial element acquisition

Microorganisms can also adjust processes of element acquisition to maintain their biomass
stoichiometry (Sinsabaugh et al., 2008; Spohn, 2016). They acquire C, N, and P for
example through the decomposition of organic matter. This process largely depends on
extracellular enzymes exuded by microorganisms and plants that, for instance, catalyze
the hydrolysis of organic molecules. By adjusting the production of extracellular enzymes,
microorganisms can try to acquire missing elements (Sinsabaugh et al., 2008). Further,
to acquire N and P, microorganisms are expected to adjust N2-fixation rates and the
solubilization of bound inorganic P.

1.1.4.1 N acquisition and release

It has been shown that microorganisms invest more into N acquisition and immobilize
N in their biomass under low N availability (Saiya-Cork et al., 2002; Nemergut et al.,
2008; Schleuss et al., 2019), whereas they increase N release under high N availability
(Mooshammer et al., 2014; Spohn, 2016) and thereby affect plant-available nutrients
(Manzoni et al., 2008). For instance, non-symbiotic N2 fixation likely depends on N and
P availability since it is energetically more favorable to take up soil mineral N than to
fix atmospheric N (Reed et al., 2011) because non-symbiotic N2 fixation is one of the
metabolically most costly processes on earth (Smith, 1992). Besides the presence of or-
ganic C as an energy source, sufficient P needs to be available to synthesize ATP support-
ing N2 fixation (Reed et al., 2011). Similarly, the production of leucine-aminopeptidase,
an N-acquiring enzyme that catalyzes the depolymerization of peptides, is thought to
decrease with increasing N availabilities (Ramirez et al., 2012; Schleuss et al., 2019).
Further, whether net release of inorganic N through net N mineralization or immo-

bilization of N in the microbial biomass prevails, might depend on the DOC:DN ratio.
With increasing DOC:DN ratios, microorganisms likely retain N in their biomass, result-
ing in N immobilization. In contrast, with decreasing DOC:DN ratio, microorganisms
likely release excess N and net N mineralization increases (Manzoni et al., 2008; Heuck
and Spohn, 2016; Schleuss et al., 2019). Thus, different N cycling processes such as
non-symbiotic N2 fixation, the production of leucine-aminopeptidase, and net N miner-
alization might be affected by changing soil element availabilities.

1.1.4.2 P acquisition

Microorganisms can acquire missing P by solubilizing bound inorganic P or by recycling
organic P through the exudation of enzymes. Soil P solubilization is defined as mobiliza-
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1.1 Introduction

tion of bound inorganic P from soil minerals by plants and microorganisms (Hinsinger,
2001) and it can be stimulated through the release of protons, organic acids, exopolysac-
charides, and siderophores (Jones and Oburger, 2011). Since the production of organic
acids and exopolysaccharides that solubilize P needs organic compounds as a C source
and N for transcription and translation (Spohn, 2016), P solubilization is thought to un-
derlie stoichiometric constraints. However, stoichiometric theory has never been applied
to P solubilization.
Further, microorganisms and plants can mineralize organic P through the exudation of

phosphatases, extracellular enzymes. They catalyze the hydrolysis of organic P to plant
available phosphate. Several factors influence the production of phosphatases, such as soil
organic matter content, plant and microbial nutrient demand, soil pH, and N availability
(Olander and Vitousek, 2000; Sinsabaugh et al., 2008). Since microorganisms need N
and organic C to produce N-rich phosphatases, their production is thought to underlie
stoichiometric constraints too. Yet, the effect of N and P availability on phosphatase
activity, and especially on the abundance and community of P-solubilizing bacteria (PSB)
has rarely been investigated (Mander et al., 2012; Lepleux et al., 2013; Nicolitch et al.,
2016).

1.1.5 Microbial communities and element cycling

Nutrient inputs not only affect soil element cycling but also microbial community compo-
sition and microbial community changes might again influence element cycling processes.
For instance, N addition altered microbial diversity (Allison et al., 2007; Ramirez et al.,
2010) and changed microbial community composition in grassland soils (Ramirez et al.,
2010; Ramirez et al., 2012; Fierer et al., 2012; Leff et al., 2015). These changes in mi-
crobial community structure can be caused by different factors such as altered nutrient
availabilities, soil pH, and plant community structure (Högberg et al., 2007; Ramirez
et al., 2010; Chen et al., 2015; Leff et al., 2015; Prober et al., 2015; Zeng et al., 2016).
Yet, the dominant factors of microbial community change under nutrient addition remain
uncertain.
Altered microbial community composition has shown to affect soil element cycling

(Philippot et al., 2013; Delgado-Baquerizo et al., 2016; Strickland et al., 2009), whereas
other studies found unaffected biogeochemical processes indicating functional redundancy
of the microbial community (Louca et al., 2018; Nannipieri et al., 2003). Functional
redundancy means that a microbial taxon can carry out the same process as another and
thus loss of species may not impact ecosystem functioning (Allison and Martiny, 2008;
Philippot et al., 2013; Louca et al., 2018). Understanding how nutrient inputs affect
microbial communities and if and how changes in microbial communities are linked to
element cycling, is pivotal for the prediction of global C, N, and P cycles and ecosystem
response to nutrient addition.
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1.2 Objectives and Hypotheses

1.2 Objectives and Hypotheses

The aim of this work was to understand the consequences of changing element inputs
on processes of microbial element partitioning, turnover, and acquisition, and thus to
take a step forward in understanding soil element cycling in grasslands on a global scale.
Further, we wanted to understand if the property of the microbial biomass to maintain
stoichiometric homeostasis controls the mentioned processes. All in all, our objective
was to test to what extent the concept of Ecological Stoichiometry can be used as a
framework to predict element cycling in terrestrial ecosystems. For this purpose, we
studied six nutrient addition experiments on three continents.

The topic was divided into five studies: We studied the effect of nutrient addition on
microbial C partitioning in study I, on P turnover time in study II, on N acquisition and
release in study III, and on P acquisition in study IV (Figure 2). In study V, we analyzed
drivers of microbial community composition changes and element cycling under nutrient
addition at one site in the USA.

Our general hypothesis was that N, P, and NP additions alter nutrient availabilities and
ratios of available elements but do not change the C:N ratio of the microbial biomass
based on the assumption that microorganisms maintain stoichiometric homeostasis de-
spite changes in substrate stoichiometry.

Study I –In the first study we investigated the effect of N and P additions on soil mi-
crobial C partitioning. Our main hypothesis was that soil microbial CUE increases with
decreasing availability of organic C relative to N.

Study II – In the second study, the turnover time of P in the microbial biomass de-
pending on P availability was studied. Our main hypothesis was that the mean residence
time of P in the microbial biomass increases with decreasing P availability.

Study III – In the third study, N cycling processes under N and P additions were stud-
ied. Our main hypotheses were that (i) non-symbiotic N2 fixation rates increase with
decreasing availability of N relative to P. Further, we assumed that (ii) net N miner-
alization increases with decreasing availability of organic C relative to N and that (iii)
leucine-aminopeptidase activity increases with decreasing N availability.

Study IV – The fourth study dealt with the question of how N and P additions affect
indicators of microbial P acquisition processes. Our main hypotheses were that (i) the
abundance of PSB increases with decreasing availability of P relative to N and that (ii)
phosphatase activity increases with increasing N availability.

Study V – In the fifth study we analyzed changes in the microbial community com-
position under N and P additions, the drivers of these changes, and the connection to
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1.2 Objectives and Hypotheses

element cycling rates at one site in the USA. Our main hypotheses were that (i) soil pH
and plant community are the dominant drivers of microbial community change under
nutrient addition and that (ii) changes in the microbial community determine element
cycling processes (net N mineralization, non-symbiotic N2 fixation, microbial respiration).

+P
+N

+NP

Stoichiometric homeostasis
of soil microorganisms

Processes of element
partitioning and 
turnover

Study I: C partitioning

Study II: Element turnover
in microbial biomass

Widdig et al., 2020, 
SBB (published)

Spohn & Widdig, 
2017, SBB 
(published)

Processes of nutrient
acquisition

Study III: N acquisition and 
release 

Schleuss & Widdig
et al. (in
preparation)

Study IV: P acquisition and 
recycling

Widdig et al., 2019, 
Frontiers (published)

Soil microorganisms Study V: Drivers of
community change and 
element cycling

Widdig et al. 
(under review at 
SBB)

Figure 2: Conceptual outline and structure of this PhD thesis, included studies, and their
publication status. Blue-shaded boxes show studies on processes of element partitioning and
turnover, on nutrient acquisition, and on the soil microbial community as affected by nutrient
addition to grassland soils.
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1.3 Material and Methods

1.3.1 Study sites

We sampled soil at six grassland sites (Figure 3, Table 1) belonging to a globally-
coordinated research network (Nutrient Network, Borer et al., 2014). Two sites, Cedar
Creek and Chichaqua Bottoms, are located in the Central Plains, USA, and are both
vegetated by tallgrass prairie. The two sites Rookery and Heron’s Brook are located in
Silwood Park, UK, and are mesic grasslands. The other two sites, Ukulinga and Sum-
merveld, are located in KwaZulu-Natal, South Africa, and are mesic grasslands as well
(Figure 3). The sites were chosen because they represent some of the major types of
grasslands that exist globally and span large biogeographical gradients (Table 1). For
instance, mean annual temperature ranges from 6 ◦C to 18 ◦C, topsoil pH values range
from 3.8 to 5.9 and soil texture is diverse, ranging from sand to silty clay (Table 1). The
sites of the Nutrient Network follow an identical experimental set-up and standardized
full-factorial nutrient addition treatments (Figure 3). Further details on the experimental
set-up and methods can be found in Borer et al. (2014).
To understand interactions between N and P supply, we analyzed independent and

interactive effects of N and P additions. We sampled plots (5 x 5 m) with and without N
and P additions (control (Ctrl), N, P, and NP), which were replicated across three blocks
(randomized block design) at each site (Figure 3). Nutrients had been added annually at
the beginning of the growing season for at least seven years as 10 g m−2 yr−1 slow-release
urea ((NH2)2CO) and 10 g m−2 yr−1 triple-super phosphate (Ca(H2PO4)2).
These amounts of nutrients were added because, first, nutrient addition needed to be

higher than actual atmospheric deposition to enable identification of differences between
control plots and nutrient addition treatments. Second, isolating the effect of nutrient
addition on grassland ecosystem functioning can only be achieved when nutrient addition
treatments are high enough to level out heterogeneity in soil properties immanent in field
experiments across ecosystems (Crowther et al., 2019).
For study II, soil samples from the Botanical Garden of the University of Bayreuth

were taken. The soil was a Cambisol with a sandy loam texture. The site hosted a semi-
natural grassland community dominated by tall grasses. Further details on sampling,
sample preparation, experimental design, and analyses are described in study II.
Study V involved the soils from Cedar Creek. In addition to the sampled nutrient

addition treatments (as described above), we sampled two more levels of N addition at
the site Cedar Creek. In total, four different levels of N addition (0, 1, 5, and 10 g N m−2

yr−1), a P (10 g P m−2 yr−1) and a combined NP (10 g N and P m−2 yr−1) addition
treatment were sampled (Ctrl, N1, N5, N10, N10P, and P).
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Studied sites

cdcr.us

cbgb.us
rook.uk

hero.uk

ukul.za

summ.za

P

N

N
P

Ctrl

Block 1

Block 2

Block 3

(a)

(c)

(b)

Figure 3: The experimental design of the Nutrient Network (NutNet) and the studied sites.
Panel (a) shows an example of a NutNet plot in Ukulinga, panel (b) shows the experimental
design of the nutrient addition treatments and blocks (adapted from Borer et al., 2014). Panel
(c) shows the studied sites Cedar Creek (cdcr.us) and Chichaqua Bottoms (cbgb.us) in the
USA, Rookery (rook.uk) and Heron’s Brook (hero.uk) in the UK, and Ukulinga (ukul.za) and
Summerveld (summ.za) in South Africa.
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Table 1: Site name, code, country, ecosystem, texture, duration of the nutrient addition treatment, elevation, latitude, longitude, mean annual precipitation
(MAP), mean annual temperature (MAT), soil pH (in 0-15 cm depth), dominant plant species, grass, forb, and legume cover, and aboveground net primary
productivity (ANPP) of the six grassland sites. See also study I and III.
Site name Cedar Creek Chichaqua Bottoms Rookery Heron’s Brook Ukulinga Summerveld

Site code cdcr.us cbgb.us rook.uk hero.uk ukul.za summ.za
Country USA USA UK UK South Africa South Africa
Ecosystem Tallgrass prairie Tallgrass prairie restored Mesic grassland Mesic grassland Mesic grassland Mesic grassland
Texture Sand Loamy sand Sandy loam Sandy loam Silty clay Loam
Nutrient addition (yr) 9 7 9 9 7 7
Elevation (m) 270 275 60 60 843 679
Latitude 45.43 41.79 51.41 51.41 -29.67 -29.81
Longitude -93.21 -93.39 -0.64 -0.64 30.4 30.72
MAP (mm) 800 891 678 678 838 809
MAT (°C) 6 9 10 10 18 18
pHH2O 5.27 5.73 3.76 5.12 5.89 5.20

Dominant plant
species1,2

Agrostis scabra, Andro-
pogon gerardii, Carex
sp., Conyza canadensis,
Elymus repens, Pen-
nisetum glaucum, Poa
pratensis, Rumex ace-
tosella, Schizachyrium
scoparium, Solidago
missouriensis

Ambrosia psilostachya, An-
dropogon gerardii, Bromus
inermis, Chamaecrista fasci-
culata, Chenopodium album,
Gaura biennis, Monarda
fistulosa, Poa pratensis,
Schizachyrium scoparium,
Solidago canadensis, Solidago
speciosa, Symphyotrichum
pilosum

Agrostis capillaris,
Festuca rubra, Galium
saxatile, Holcus lanatus,
Holcus mollis, Luzula
campestris, Rumex
acetosella, Senecio
jacobaea

Agrostis capillaris, An-
thoxanthum odoratum,
Arrhenatherum elatius,
Festuca rubra, Holcus
lanatus, Holcus mollis,
Lotus corniculatus,
Ranunculus repens,
Rumex acetosa, Tri-
folium repens, Veronica
chamaedrys

Berkheya umbellata,
Cymbopogon nardus,
Eragrostis curvula,
Hyparrhenia hirta,
Scabiosa columbaria,
Setaria nigrirostris,
Tagetes minuta,
Themeda triandra,
Tristachya leucothrix

Aristida junciformis,
Elionurus muticus,
Helichrysum aure-
onitens, Monocymbium
ceresiiforme, Panicum
ecklonii, Sporobolus
africanus, Tephrosia
macropoda, Themeda
triandra, Trachypogon
spicatus

Grass cover2(%) 94 74 45 104 116 120
Forb cover2(%) 21 42 61 26 44 56
Legume cover2(%) 1 6 0 19 12 10
ANPP2(g m−2 yr−1) 178 397 180 509 498 349

1 Taxa are in alphabetic order
2 Data refer to the control (without any addition of N and P)
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1.3.2 Sampling and sample preparation

At all sites, samples were collected at the end of the vegetation period in 2017 (February
in South Africa, September in the USA, and October in the UK). Soil samples were
collected from two depth increments from 0-15 (termed “topsoil”) and from 15-30 cm
depth (termed “subsoil”), both depth increments were located in the A horizon of each
soil. In Summerveld, only the topsoil was sampled because of limited soil depth. One
mixed sample consisting of six individual samples from each plot and soil depth was
collected using a 3.5 cm diameter soil corer. Undisturbed soil cores (100 cm³) were taken
adjacent to the experiment for bulk density determination. Samples were shipped to the
University of Bayreuth within one week after sampling. Soil samples were sieved (< 2
mm) and stones and roots were removed.

1.3.3 Summary of main methods

1.3.3.1 Soil physical and chemical analyses

Soil pH was measured in deionized water and in 1 M KCl in a soil:solution ratio of 1:2.5
using air-dried soil. Soil samples were dried at 60 ◦C and milled to determine total organic
C (TOC), total N (TN), and total P (TP). For the determination of dissolved organic
C (DOC), dissolved N (DN), and dissolved inorganic P (DIP), soils were extracted in
deionized water in a ratio of 1:4 (soil:water) and filtered through 0.45 µm filters, before
dissolved element concentrations were quantified. Total organic phosphorus (TOP) was
determined by the ignition method according to Saunders and Williams (1955) modified
by Walker and Adams (1958). Phosphorus fractions were measured according to the
Hedley fractionation (Hedley et al., 1982) modified by Tiessen and Moir (2007). Details
on TOP determination and Hedley fractionation can be found in study IV.

1.3.3.2 Soil microbial biomass carbon and nitrogen

Soil microbial biomass C and N were determined using the chloroform fumigation-
extraction method (Brookes et al., 1982; Vance et al., 1987). Each soil sample was
split into two aliquots of which one was fumigated with chloroform for 24 h and the
other was not fumigated. Fumigated and non-fumigated samples were extracted in 0.5
M K2SO4 in a ratio of 1:5 and measured by a TOC/TN Analyzer. Microbial biomass C
and N were calculated by subtracting the concentration of the fumigated sample from
the non-fumigated sample and multiplying the difference with a conversion factor of 2.22
for microbial biomass C (Jenkinson et al., 2004; Wu et al., 1990) and 1.85 for microbial
biomass N (Brookes et al., 1985; Joergensen and Mueller, 1996).

1.3.3.3 Enzyme activities

Phosphatase, β-1,4-glucosidase, β-1,4-N-acetyl-glucosaminidase, and L-leucine aminopep-
tidase activities were determined using fluorogenic substrates following German et al.
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(2011) and Herold et al. (2014). A soil homogenate was prepared by mixing 1 g of moist
soil and 50 ml of sterile water for 20 min. Four replicates of the soil homogenates were
pipetted into black polystyrene 96-well microplates and substrate solution was added to
each sample well. The microplates were covered, pre-incubated in the dark at 15 ◦C
for 30 min, and measured fluorimetrically after 0, 60, 120, and 180 min with 360 nm
excitation and 460 nm emission filters (Herold et al., 2014) using a microplate reader.
Enzyme activities were calculated using the slope of net fluorescence over time and were
corrected for quenching of the soil, fluorescence of the substrate, and fluorescence of the
homogenate.

1.3.3.4 Soil microbial carbon use efficiency

Microbial CUE was determined based on the incorporation of 18O from 18O-labeled water
into microbial DNA (Spohn et al., 2016). Soil samples were split into two aliquots, one
aliquot received 18O labeled water (97 at%) and one non-labeled Millipore water. Both
samples were incubated for 24 h at 15 ◦C. Subsequently, samples were frozen until DNA
extraction was done. DNA concentration was measured with the picogreen assay (Sandaa
et al., 1998). DNA extracts were dried in silver capsules at 60 ◦C, and the 18O enrichment
and the total amount of oxygen were measured using a TC/EA coupled to a Delta V Plus
IRMS. The microbial growth rate in terms of DNA produced per hour was calculated
based on the incorporation of 18O-H2O into genomic DNA (Schwartz, 2007; Blazewicz
and Schwartz, 2011; Spohn et al., 2016) and on a correlation between microbial DNA
and microbial biomass C concentrations. Finally, CUE was computed based on growth
and respiration rate (Manzoni et al., 2012; Sinsabaugh et al., 2013). Further details on
CUE measurements and calculations can be found in study I.

1.3.3.5 Soil microbial respiration

Soil samples of 40 g dry-weight-equivalent were incubated for 35 days at 15 ◦C in the
dark. Respired CO2 was trapped in 0.6 M KOH and changes in electrical conductivity
were measured by a respirometer (Respicond V, Nordgen Innovations). Cumulative CO2

was measured continuously (every 2 hours) and respiration rates were calculated based
on the linear increase of accumulated C-CO2 over time (Heuck and Spohn, 2016).

1.3.3.6 Net N mineralization

Sub-samples of 20 g soil dry-mass equivalent were extracted in 80 ml distilled water on an
overhead shaker for one hour and filtrated through 0.45 µm filters using an under-pressure
device. The extraction-filtration procedure was repeated after 0, 14, 28, and 42 days of
soil incubation at 15 ◦C. Water extracts were measured for ammonium (N-NH4

+) and
nitrate (N-NO3

−) via flow injection analysis (FIA-Lab, MLE Dresden) and ICP-OES,
respectively. Net N mineralization rates were calculated based on the linear increase in
N-NH4

+ and N-NO3
− over time.
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1.3.3.7 Non-symbiotic N2 fixation

Non-symbiotic fixation of atmospheric N2 was measured based on a 15N stable isotope
approach (Zechmeister-Boltenstern, 1996). A dry-mass equivalent of 4 g fresh soil was
filled into 12 ml exetainers. All exetainers were closed, flushed with argon, carefully
evacuated, finally filled with 7.2 ml 15N2 (99.8 at% 15N2, Sigma Aldrich) and 0.8 ml O2,
and incubated in the dark at 15 ◦C for 72 h in the 15N enriched artificial atmosphere.
Samples exposed to 15N-N2 as well as samples not exposed to 15N-N2 (natural abundance)
were dried at 50 ◦C, milled and analyzed for 15N. The 15N at% was calculated using the
isotope ratio of each sample and the 15N2 fixation was calculated using an isotope mixing
model (Zechmeister-Boltenstern, 1996). Further details on determination of N2 fixation
can be found in study III and V.

1.3.3.8 Relative abundance of P-solubilizing bacteria

For the determination of PSB, 0.5 g of soil from the topsoil were mixed with 49.5 ml of
sterile water and shaken for 45 min. An aliquot of the soil suspension was added to an agar
plate containing Pikovskaya medium (Pikovskaya, 1948). Plates were incubated for seven
days at 20 ◦C before colonies were counted. At least 100 colony-forming units (CFU)
per soil sample were screened. If a CFU can solubilize P from the hydroxyapatite in the
medium, a clear zone around the CFU becomes visible. Details on how we determined
the abundance of PSB can be found in study IV.

1.3.3.9 Sequencing of P-solubilizing bacteria and processing of sequence data

Colonies of PSB were selected for sequencing and picked using sterile toothpicks. Ge-
nomic DNA of the bacterial colonies was extracted, and 16S fragments covering variable
regions (V5 to V8) were amplified using the primers 799F (Chelius and Triplett, 2001)
and 1391R (Walker and Pace, 2007). Sequence data were analyzed in the Geneious se-
quence analysis software. The list of the 20 best matching sequence hits for each isolate
was uploaded into PRIMER 7 (Clarke and Gorley, 2015), standardized, cumulated, and
clustered. Isolates, which had a consensus of more than 99% in the cluster analysis, were
considered as identical isolates. Then, a consensus name was assigned for each isolate
cluster according to Peršoh et al. (2010) called operational taxonomic unit (OTU) in the
following. More details on PSB sequencing and sequence data processing can be found
in study IV.

1.3.3.10 Illumina sequencing of prokaryotic 16S rRNA gene and fungal ITS2 region

The DNeasy PowerSoil Kit was used to extract DNA of 400 mg soil of each sample. The
V4 region of the prokaryotic 16S rRNA gene and the fungal ITS2 region were amplified,
modified with heterogeneity spacers according to Cruaud et al. (2017) and sequenced
using the Nextera XT kit on an Illumina MiSeq with 2 x 300 bp. Sequences were taxo-
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nomically classified using mothur ’s classify.seqs (Schloss et al., 2009) against the UNITE
v8 database for ITS (Kõljalg et al., 2013), and the SILVA v132 database for 16S sequences
(Quast et al., 2013). More details on Illumina sequencing and sequence processing can
be found in study V.

1.3.4 Statistics

In all studies, the threshold of significance was set at p < 0.05. To test differences
between nutrient addition treatments and soil depths at each site, ANOVA followed by
a Tukey post-hoc test for multiple comparisons was used. Previously, data was checked
for normal distribution (with Shapiro-Wilks test) and homogeneity of variance (with
Levene test) and transformed if data were not normally distributed and variances were
not homogenous.
Linear mixed-effects models were used in study I, III, and IV to test the effect of

nutrient addition across all sites. This approach was chosen because it allows to show
treatment effects across a set of sites spanning large biogeographical gradients control-
ling for between-site variation. Nutrient addition treatment was set as fixed factor and
random intercepts were included for sites to adjust for variability among them.
In study I, III, and IV, multi-model selection according to Grueber et al. (2011)

was performed to assess the relative importance of climatic, soil physical, chemical, and
microbial variables on element cycling processes. A global model was fitted with random
intercepts for treatments at each site to adjust for variations caused by them. A full
submodel set was generated and out of all possible models, the best ones were selected
using the AICc. Model variables having the highest relative importance (> 0.90) were
selected to fit a linear mixed-effects model, for which a conditional R² according to
Nakagawa and Schielzeth (2013) and a p-value obtained by likelihood ratio test was
calculated.
For prokaryotic, fungal, and plant community composition analyses, non-metric multi-

dimen-sional scaling was applied as described in further detail in study V. One-way-
ANOSIM with 999 permutations was used to test for significant effects of either nutrient
addition or site on bacterial, fungal, and plant community composition.
Further, multiple backward regression analyses were applied in study V for the identi-

fication of main controls on element cycling processes. The initial linear model contained
different abiotic and biotic variables. Variance inflation factors were used to check for
multicollinearity and highly collinear variables were dropped. All statistical analyses
were done using R version 3.3.1 (R Core Team, 2018).
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1.4 Results and Discussion of the Main Findings

1.4.1 Altered element availabilities under nutrient addition

We measured soil pH and total as well as dissolved element concentrations after seven
to nine years of N, P, and NP additions at six grassland sites (see also study I, III, and
IV). Soil pH was only decreased by N and NP additions at Cedar Creek, whereas N,
P, and NP additions did not change soil pH at the other sites (Table 2). Despite high
amounts of N and P added, TOC and TN concentrations did not change with nutrient
addition in most soils (Table 2). In contrast, TP concentrations increased with single P
and combined NP additions at half of the sites (Table 2).
The concentrations of dissolved soil elements responded more strongly to nutrient

addition than total element concentrations, especially in the topsoil (Table 3). Addition
of N, P, and NP significantly increased topsoil DOC concentrations at some sites (Table
3) and calculated across all sites, NP addition increased topsoil DOC concentrations by
+17%. Further, N and NP additions raised DN concentrations across all soils by +164%
and +106%, respectively, compared to the soils that did not receive N (Table 3). Changes
in DOC and DN concentrations led to decreased DOC:DN ratio in most topsoils, with
the exception of Heron’s Brook (Table 3). On average, the DOC:DN ratio was by -64%
and -57% lower under N and NP additions, respectively, compared to control. At all six
sites, P and NP additions significantly increased topsoil DIP concentrations by +3,307%
and +3,508%, respectively, compared to control (Table 3).
As expected, bioavailable N and P concentrations were increased by N and P addi-

tions, respectively. Our finding that DOC concentrations increased significantly under
nutrient addition (at some sites) is likely related to higher plant biomass and thus higher
above- and belowground C inputs to soil (LeBauer and Treseder, 2008; Xia and Wan,
2008; Lu et al., 2011). A meta-analysis has shown that C inputs from aboveground,
belowground, and litter were significantly increased with N addition, resulting in in-
creased DOC concentrations (Lu et al., 2011). Especially the strong increases in DN
concentrations decreased DOC:DN ratios changing the stoichiometry of the substrate
microorganisms thrive on.

1.4.2 Stoichiometric homeostasis of soil microorganisms

To test the concept of stoichiometric homeostasis, we measured microbial biomass C:N
ratios after seven to nine years of nutrient addition (see also study I, III, and IV). Nu-
trient addition did not influence microbial biomass C concentrations at any of the sites
(exception: subsoil in Heron’s Brook, Table 3). Mean topsoil microbial biomass C con-
centrations in the control plots varied widely across the sites with 163 mg kg soil−1 in
Cedar Creek and up to 1005 mg kg soil−1 in Ukulinga (Table 3). Despite large changes
in element availabilities due to nutrient addition, seven to nine years of nutrient addition
did not alter microbial biomass C:N ratios across all sites (Figure 4).
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Table 2: Total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and soil pH in 0-15 and 15-30 cm soil depth of the sampled soils.
The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth. Numbers depict means ± standard deviations (n=3). Two-way ANOVA
was conducted followed by Tukey test for multiple comparisons. Lower-case letters indicate significant differences between treatments tested separately for
each site and depth increment. Asterisks indicate significant differences between depth increments tested individually for each site and treatment. See also
study I, III, and IV.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

TOC

(g C kg−1 )

cdcr.us1 9.4 ± 1.1a 15.7 ± 8.8a 9.0 ± 0.3a 11.0 ± 3.4a 5.2 ± 1.1a 10.4 ± 7.8a 4.4 ± 0.5a* 5.8 ± 2.1a
cbgb.us 7.2 ± 2.8a 8.2 ± 0.5a 6.9 ± 2.3a 7.4 ± 2.4a 4.1 ± 0.5a* 5.1 ± 0.2a* 4.0 ± 1.2a 4.1 ± 0.9a*
hero.uk 36.7 ± 6.8a 36.7 ± 6.1a 36.5 ± 1.8a 37.0 ± 7.7a 24.4 ± 3.5a* 24.5 ± 4.2a* 25.6 ± 4.7a* 23.9 ± 4.4a*
rook.uk 24.3 ± 2.6a 28.7 ± 3.2a 26.9 ± 1.2a 24.9 ± 2.2a 10.5 ± 1.5a* 12.8 ± 1.3a* 11.6 ± 1.3a* 10.1 ± 0.7a*
ukul.za 42.0 ± 2.0a 42.5 ± 0.8a 44.4 ± 0.5a 45.7 ± 0.8a 37.5 ± 3.6a 3.2.0 ± 4.4a* 34.8 ± 5.3a* 36.4 ± 0.6a*
summ.za2 49.1 ± 3.0a 51.1 ± 2.2a 51.7 ± 3.0a 51.7 ± 1.9a NA NA NA NA

TN

(g N kg−1 )

cdcr.us1 0.7 ± 0.1a 1.1 ± 0.6a 0.6 ± 0.1a 0.8 ± 0.3a 0.3 ± 0.1a* 0.7 ± 0.5a 0.3 ± 0.1a 0.4 ± 0.1a*
cbgb.us 0.6 ± 0.2a 0.8 ± 0.1a 0.6 ± 0.2a 0.7 ± 0.2a 0.4 ± 0.1a* 0.5 ± 0.1a* 0.4 ± 0.1a* 0.4 ± 0.2a*
hero.uk 3.1 ± 0.7a 3.1 ± 0.5a 3.0 ± 0.2a 3.1 ± 0.8a 2.1 ± 0.3a* 2.1 ± 0.3a 2.1 ± 0.4a 2.0 ± 0.4a*
rook.uk 2.1 ± 0.2ab 2.4 ± 0.3b 2.2 ± 0.1ab 2.0 ± 0.1a 1.0 ± 0.1a* 1.2 ± 0.1a** 1.0 ± 0.2a* 0.9 ± 0.1a*
ukul.za 2.9 ± 0.3a 3.1 ± 0.3ab 3.3 ± 0.1ab 3.4 ± 0.1b 2.6 ± 0.2a 2.4 ± 0.2a* 2.6 ± 0.3a* 2.7 ± 0.1a*
summ.za2 2.8 ± 0.2a 3.0 ± 0.4a 2.9 ± 0.3a 3.0 ± 0.1a NA NA NA NA

TP

(g P kg−1 )

cdcr.us1 0.31 ± 0.03a 0.46 ± 0.24a 0.58 ± 0.09a 0.56 ± 0.11a 0.24 ± 0.03a 0.40 ± 0.19a 0.36 ± 0.04a 0.38 ± 0.06a
cbgb.us 0.28 ± 0.02a 0.24 ± 0.05a 0.43 ± 0.04b 0.41 ± 0.06b 0.24 ± 0.03a 0.24 ± 0.02a 0.34 ± 0.03b* 0.35 ± 0.07b*
hero.uk 0.62 ± 0.16a 0.57 ± 0.07a 0.93 ± 0.13a 0.96 ± 0.28a 0.54 ± 0.15a 0.48 ± 0.06a 0.55 ± 0.17a* 0.62 ± 0.25a*
rook.uk 0.38 ± 0.01a 0.38 ± 0.04a 0.60 ± 0.06b 0.61 ± 0.14b 0.27 ± 0.01a* 0.31 ± 0.04a 0.32 ± 0.03a* 0.31 ± 0.04a*
ukul.za1 0.45 ± 0.02a 0.46 ± 0.08a 1.33 ± 0.12b 1.20 ± 0.15b 0.39 ± 0.02a 0.38 ± 0.04a 0.74 ± 0.25b* 0.58 ± 0.01b*
summ.za2 0.37 ± 0.01a 0.49 ± 0.18a 0.60 ± 0.33a 0.83 ± 0.7a NA NA NA NA

pH in H2O

cdcr.us 5.27 ± 0.09b 4.70 ± 0.17a 5.27 ± 0.10b 4.84 ± 0.10a 5.36 ± 0.10b 5.17 ± 0.19ab* 5.45 ± 0.23b 4.96 ± 0.23a
cbgb.us 5.73 ± 0.50a 5.68 ± 0.72a 5.86 ± 0.47a 5.72 ± 0.43a 5.40 ± 0.66a 5.56 ± 0.92a 5.58 ± 0.79a 5.34 ± 0.63a
hero.uk 5.12 ± 0.21a 5.18 ± 0.11a 5.08 ± 0.08a 5.09 ± 0.15a 5.24 ± 0.30a 5.30 ± 0.09a 5.20 ± 0.15a 5.22 ± 0.10a
rook.uk 3.76 ± 0.04a 3.78 ± 0.02a 3.91 ± 0.02a 3.87 ± 0.03a 4.10 ± 0.13a* 4.08 ± 0.09a* 4.12 ± 0.10a* 4.06 ± 0.06a*
ukul.za 5.89 ± 0.08a 5.58 ± 0.42a 5.94 ± 0.09a 5.63 ± 0.11a 5.83 ± 0.10a 5.79 ± 0.33a 5.72 ± 0.16a 5.62 ± 0.16a
summ.za2 5.20 ± 0.04a 5.03 ± 0.09a 5.01 ± 0.12a 4.97 ± 0.13a NA NA NA NA

1 Data were LOG10 transformed
2 One-Way ANOVA and Tukey test were performed
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Table 3: Dissolved organic carbon (DOC), dissolved nitrogen (DN), molar DOC:DN ratio, dissolved inorganic phosphorus (DIP), and microbial biomass
carbon (MBC) in 0-15 and 15-30 cm depth of the sampled soils. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth. Numbers
depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters indicate
significant differences between treatments separately tested for each site and depth increment. Asterisks indicate significant differences between depth
increments separately tested for each site and treatment. See also study I, III, and IV.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

DOC

(mg C kg−1 )

ukul.za 115 ± 7a 108 ± 15a 127 ± 6a 152 ± 34a 127 ± 33a 201 ± 52ab* 238 ± 14b* 217 ± 66b*
summ.za1 98 ± 3a 98 ± 9a 102 ± 10a 100 ± 1a NA NA NA NA
cdcr.us 15 ± 0.4a 20 ± 4.8b 20 ± 1.1b 24 ± 2.6b 11 ± 0.6a 12 ± 2.0a* 12 ± 0.3a* 15 ± 1.3a*
cbgb.us 18 ± 2.7a 22 ± 4.1a 18 ± 2.1a 22 ± 1.6a 15 ± 1.6a 22 ± 3.4a 20 ± 5.6a 20 ± 1.6a
rook.uk 23 ± 2.7a 29 ± 7.5ab 44 ± 8.3c 36 ± 3.5bc 15 ± 1.5a 16 ± 3.1a* 19 ± 1.0a* 18 ± 1.0a*
hero.uk 29 ± 2.6a 30 ± 3.4a 36 ± 1.2ab 40 ± 4.1b 19 ± 1.2a* 22 ± 4.2a* 23 ± 3.0a* 25 ± 3.9a*

DN

(mg N kg−1 )

ukul.za 7.3 ± 0.3a 43.2 ± 11.2b 9.9 ± 5.0a 34.4 ± 5.7b 5.5 ± 1.1a 17.3 ± 4.9ab* 14.1 ± 3.3ab 19.5 ± 5.3b*
summ.za1 5.0 ± 0.1a 19.8 ± 5.0b 5.1 ± 0.2a 15.9 ± 3.1b NA NA NA NA
cdcr.us2 3.2 ± 4.4a 32.9 ± 15.6b 2.7 ± 2.1a 13.4 ± 2.9b 1.8 ± 1.5a 10.0 ± 1.0b 2.1 ± 1.5a 7.0 ± 2.1ab
cbgb.us 4.1 ± 3.1a 12.0 ± 1.4b 4.7 ± 1.9a 12.1 ± 3.9b 2.6 ± 2.2a 5.0 ± 2.8a* 2.9 ± 1.1a 4.8 ± 2.1a*
rook.uk 14.2 ± 2.7ab 14.7 ± 3.2b 10.9 ± 0.4ab 10.3 ± 1.2a 4.2 ± 2.4a* 3.8 ± 1.0a* 2.9 ± 0.8a* 4.0 ± 0.8a*
hero.uk 12.9 ± 3.6a 17.1 ± 3.9a 11.1 ± 3.5a 14.6 ± 8.7a 9.7 ± 3.8a 10.3 ± 0.8a 11.9 ± 4.4a 8.9 ± 3.2a

DOC:DN ratio

ukul.za 18.2 ± 0.7b 3.0 ± 0.5a 17.8 ± 7.3b 5.3 ± 1.2a 27.0 ± 1.5b* 14.8 ± 5.5a* 20.3 ± 3.5ab 13.0 ± 1.4a*
summ.za1 22.9 ± 0.6b 6.0 ± 1.1a 23.2 ± 1.6b 7.5 ± 1.2a NA NA NA NA
cdcr.us3 18.1 ± 11.3b 0.8 ± 0.1a 12.0 ± 6.1b 2.1 ± 0.2a 10.9 ± 3.3b 1.4 ± 0.1a* 9.6 ± 4.7b 2.7 ± 0.6ab
cbgb.us 10.8 ± 3.0b 2.1 ± 0.2a 4.9 ± 1.5ab 2.3 ± 0.6a 10.0 ± 4.7a 5.9 ± 1.6a 8.8 ± 3.5a 5.6 ± 1.9a
rook.uk2 2.0 ± 0.5a 2.3 ± 0.3ab 4.6 ± 0.6c 4.0 ± 0.1bc 5.1 ± 1.9a* 4.8 ± 0.2a* 8.1 ± 1.7a* 5.4 ± 1.1a
hero.uk 2.7 ± 0.4a 2.1 ± 0.3a 4.0 ± 1.1a 4.2 ± 2.3a 2.6 ± 1.0a 2.5 ± 0.2a 2.5 ± 0.6a 3.5 ± 0.7a

DIP

(mg P kg−1 )

ukul.za2 0.10 ± 0.07a 0.12 ± 0.04a 1.43 ± 0.19b 1.10 ± 0.25b 0.13 ± 0.05a 0.05 ± 0.05a* 2.09 ± 1.58b 0.92 ± 0.24b
summ.za1,2 0.05 ±0.04a 0.10 ± 0.02ab 0.25 ± 0.09b 0.27 ± 0.12b NA NA NA NA
cdcr.us2 0.16 ± 0.12a 0.13 ± 0.06a 13.37 ± 2.76b 12.29 ± 3.55b 0.06 ± 0.03a* 0.04 ± 0.01a* 4.19 ± 0.55b* 5.01 ± 0.89b*
cbgb.us2 0.37 ± 0.08a 0.25 ± 0.19a 7.67 ± 1.23b 11.1 ± 3.18b 0.13 ± 0.08a* 0.11 ± 0.05a 7.02 ± 3.11b 6.96 ± 1.91b
rook.uk2 0.02 ± 0.01a 0.03 ± 0.01a 1.25 ± 0.88b 1.22 ± 1.20b 0.02 ± 0.01a 0.02 ± 0.01a 0.04 ± 0.03a* 0.06 ± 0.02a*
hero.uk2 0.04 ± 0.01a 0.04 ± 0.01a 1.64 ± 0.85b 1.15 ± 0.72b 0.02 ± 0.01a* 0.03 ± 0.01ab 0.04 ± 0.01ab* 0.06 ± 0.01b*

MBC

(mg C kg−1 )

ukul.za 1005 ± 134a 767 ± 196a 819 ± 157a 852 ± 71a 488 ± 93a* 444 ± 85a* 502 ± 113a* 549 ± 66a*
summ.za1 843 ± 133a 769 ± 111a 928 ± 278a 699 ± 16a NA NA NA NA
cdcr.us 163 ± 63a 235 ± 44a 193 ± 9a 169 ± 99a 119 ± 103a 100 ± 47a* 46 ± 31a* 134 ± 124a
cbgb.us 175 ± 61a 121 ± 23a 168 ± 51a 148 ± 100a 61 ± 15a* 119 ± 35a 69 ± 43a 142 ± 118a
rook.uk 651 ± 35a 588 ± 49a 507 ± 210a 746 ± 88a 351 ± 46a* 317 ± 94a* 248 ± 176a* 342 ± 248a*
hero.uk 662 ± 116a 603 ± 70a 638 ± 51a 591 ± 85a 526 ± 8b 363 ± 61ab* 298 ± 73a* 352 ± 76ab*

1 One-Way ANOVA and Tukey test were performed
2 Data were LOG10 transformed
3 Data were reciprocally transformed (1/x)
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1.4 Results and Discussion of the Main Findings

Figure 4: Molar microbial biomass carbon-to-nitrogen ratio (MBC:MBN) in (a) 0-15 cm depth
and (b) 15-30 cm depth of the control and under N, P, and NP additions across all six sites.
Subsoil MBC:MBN ratios of one site (rook.uk) were excluded, because MBN values were below
detection limit. See also study I.

Since we found unaffected microbial biomass C:N ratios under nutrient addition, microor-
ganisms maintained their biomass stoichiometry independently of that of their environ-
ment confirming the concept of stoichiometric homeostasis. Homeostatic behavior of the
microbial biomass has been found in several studies (Cleveland and Liptzin, 2007; Xu et
al., 2013). Even under nutrient addition microorganisms kept their biomass stoichiometry
(Griffiths et al., 2012; Schleuss et al., 2019; Joergensen and Scheu, 1999). For instance,
microbial biomass stoichiometry was unaffected by 66 years of N and P additions in a
South African grassland (Schleuss et al., 2019).

1.4.3 Microbial element partitioning and turnover time

1.4.3.1 C partitioning

One measure to maintain biomass stoichiometry despite changed substrate stoichiometry
is the adjustment of element partitioning in the microbial biomass. In this study we
investigated soil microbial C partitioning in growth and respiration (CUE) under N,
P, and NP additions. Further, we studied if microorganisms adjust CUE to substrate
stoichiometry (see also study I).
Addition of N significantly decreased topsoil microbial respiration by -23% across all

sites, whereas microbial growth did not significantly change upon nutrient addition (Fig-
ure 5). Consequently, topsoil C uptake (the sum of respiration and growth) was -14%
lower under N addition than in the control and under P addition (Figure 5).
Soil microbial CUE was unaffected by nutrient addition at either soil depth increment

and varied between 25 and 57% with a mean value of 40% across all sites, soil depth
increments, and nutrient addition treatments (Figure 6). Sand content, mean annual
precipitation and temperature, and DOC:DN ratio explained most of the site variability
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Figure 5: Effect of nutrient addition on (a, b) soil microbial respiration, (c, d) microbial growth,
and (e, f) microbial C uptake across all six sites in (a, c, e) 0-15 cm depth and (b, d, f) 15-30 cm
depth. Linear mixed-effects models were calculated with treatment as fixed and site intercepts as
random factor (n=18 in 0-15 cm depth and n=15 in 15-30 cm depth). Dots represent the mean
value of the model predictor while error bars represent the range of 95% confidence intervals.
Predictors are considered significant, if error bars do not overlap with zero, indicated by asterisks.
The vertical intercept (position zero) corresponds to the control. Significant differences between
nutrient addition treatments are indicated by lower-case letters at the right side of the subplot.
See also study I.

in microbial CUE. Soil microbial CUE and DOC:DN ratios of the topsoil control plots
were negatively related (R² = 0.27, p = 0.03) and excluding data of the site Summerveld,
the correlation became highly significant (R² = 0.71, p < 0.001, Figure 7). In addition,
topsoil CUE was negatively correlated with the activity of beta-glucosidase (R² = 0.31,
p = 0.02), a C-acquiring enzyme. Further, topsoil CUE was negatively correlated with
activities of the N-acquiring enzymes N-acetyl-glucosaminidase (R² = 0.40, p = 0.006)
and leucine-aminopeptidase (R² = 0.50, p = 0.002, data not shown).

Our finding that nutrient addition did not affect soil microbial CUE can be explained
by the fact that microorganisms regulated both respiration and growth similarly. Conse-
quently, microorganisms neither performed overflow respiration, i.e. the disposal of C via
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Figure 6: Effect of nutrient addition on microbial carbon use efficiency (CUE) across all six sites
in (a) 0-15 cm depth and (b) 15-30 cm depth. The vertical intercept (position zero) corresponds
to the control. Linear mixed-effects models were calculated with treatment as fixed factor and
random intercepts for site (n=18 in 0-15 cm depth and n=15 in 15-30 cm depth). Dots represent
the mean value of the model predictor while error bars represent the range of 95% confidence
intervals. Predictors are considered significant if error bars do not overlap with zero. See also
study I.

Figure 7: Correlation of molar dissolved organic carbon-to-dissolved nitrogen (DOC:DN) ratio
and soil microbial carbon use efficiency (CUE) in the topsoils of the control plots of all sites with
a soil depth > 20 cm. See also study I.
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respiration, nor strongly increased growth at the cost of respiration. The disposal of C
through overflow respiration seems rather unlikely under natural conditions (Hessen and
Anderson, 2008; Spohn, 2015) for microorganisms that are most commonly C limited
(Demoling et al., 2007; Heuck et al., 2015). Further, microorganisms need to uphold
respiration for maintenance and anabolic energy requirements (Geyer et al., 2016), thus
a strong increase in growth at the expense of respiration is questionable.

Our finding of a negative correlation between soil microbial CUE and DOC:DN ratio
confirms the dependency of microbial element partitioning on substrate stoichiometry
and our hypothesis. To maintain their biomass stoichiometry, microorganisms need to
adapt their foraging strategies to the available substrate, since DOC:DN ratios mostly
exceed microbial biomass C:N ratios (Sinsabaugh et al., 2013). If DOC:DN ratios are
large, microorganisms need to invest into nutrient acquisition, which reduces their CUE.
Vice versa, as the DOC:DN ratio gets closer to that of the microbial biomass, less C and
energy needs to be invested into nutrient acquisition and CUE increases.

It is assumed that microorganisms invest into nutrient acquisition via the production
of extracellular enzymes at the expense of CUE (Manzoni et al., 2012; Sinsabaugh et
al., 2016). Yet, direct measurements of the relationship between microbial CUE and
extracellular enzymes are rare. Extracellular enzyme activities mediate nutrient acquisi-
tion from organic matter and are thus commonly interpreted as indicators of microbial
nutrient demand (Sinsabaugh et al., 2008; Schimel and Weintraub, 2003). Our finding
that activities of N-acquiring enzymes were negatively related with CUE confirms the
assumption that microorganisms invest into N acquisition when less N is available, which
decreases their CUE (Manzoni et al., 2012; Sinsabaugh et al., 2016). In contrast, mi-
crobial CUE increases when microorganisms are well supplied with nutrients and do not
need to invest into the production of extracellular enzymes. Not only the activities of
the N-acquiring enzymes were negatively correlated with CUE, but also the activity of
beta-glucosidase, a C-acquiring enzyme, indicating that microorganisms also invest more
into C acquisition when they run at low CUE. We showed that CUE was related to sub-
strate stoichiometry. Consequently, microorganisms adjusted C partitioning to maintain
their biomass stoichiometry and cope with stoichiometrically unfavorable substrate.

1.4.3.2 Element turnover time in the microbial biomass

Besides the partitioning of elements, microorganisms might adjust element turnover times
to maintain their biomass stoichiometry. In this study, we tested for the first time, if
microorganisms adjust the turnover time of P in their biomass to P availabilities (see
also study II).

Addition of P did not affect microbial DNA, and microbial biomass C concentrations.
Using 33P labelling, we showed that with increasing levels of P addition the mean resi-
dence time of P in the microbial biomass significantly decreased (Figure 8). The mean
residence time of P in the microbial biomass amounted to 39 days in the control and

25



1.4 Results and Discussion of the Main Findings

decreased by -54% to 18 days under the highest level of P addition (Figure 8).

Figure 8: Mean residence time (MRT) of phosphorus (P) in the microbial biomass. Bars
represent means, and error bars show standard deviation (n = 3). Letters indicate significant
differences between P addition treatments. See also study II.

For the first time, 33P labelling was used to determine P turnover time in the micro-
bial biomass and P addition caused a shorter mean residence time of P in the microbial
biomass compared to control. This finding indicates that microorganisms adjust turnover
times of elements in their biomass, a process often overlooked in the debate of stoichio-
metric homeostasis (Mooshammer et al., 2014). According to our hypothesis, the mean
residence time of P in the microbial biomass increased with decreasing P availability. An
explanation can be that microorganisms recycled P already present in the cell more effi-
ciently under low compared to high P levels. Accordingly, soil microorganisms adjusted P
turnover times to bioavailable P concentrations, which seems to be an important adjust-
ment to nutrient-poor environments (Spohn, 2016). The adjustment of turnover times of
individual elements in the microbial biomass can be a measure to maintain stoichiometric
homeostasis when thriving on substrate with an unfavorable stoichiometry i.e. substrate
with high C-to-nutrient ratios.

1.4.4 Microbial element acquisition

1.4.4.1 N acquisition and release

We further investigated if microorganisms, besides element partitioning and turnover,
also adjust processes of N acquisition and release such as non-symbiotic N2 fixation,
leucine-aminopeptidase (LAP) activity, and net N mineralization towards their stoichio-
metric demands (see also study III).
Topsoil non-symbiotic N2 fixation rates increased by 96% under NP addition compared

to control (Figure 9). Further, topsoil non-symbiotic N2 fixation was -55% lower under N
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compared to P addition, whereas subsoil N2 fixation rates were not affected by nutrient
addition (Figure 9). Non-symbiotic N2 fixation was negatively correlated with soil TN:TP
ratios in the topsoil (R² = 0.20, p = 0.005) and subsoil (R² = 0.08, p = 0.04, Figure 10).
Further, TOC:TP, TN:TP, and DOC:DIP ratios were the best predictors of N2 fixation.
Since TN:TP ratio was intercorrelated with TOC:TP ratio, we calculated the model with
TOC:TP and DOC:DIP ratio and these variables could predict 83% of variability in N2

fixation.
LAP activities were not affected by any nutrient addition treatment in neither soil

depth increment (Figure 9). However, topsoil LAP activities were negatively correlated
with DN concentrations (R² = 0.15, p = 0.002, Figure 10). The best predictors for LAP
activity were mean annual temperature and precipitation, and soil pH (R² = 0.61).
Single N and combined NP additions increased net N mineralization rates in the topsoil

by 134% and 138%, respectively, compared to control and P addition across all six sites
(Figure 9).
We found a highly significant positive correlation between net N mineralization and

soil DN concentration in the topsoil (R² = 0.42) and subsoil (R² = 0.56) and a highly
significant negative correlation between net N mineralization and DOC:DN concentration
in the topsoil (R² = 0.61) and subsoil (R² = 0.67, Figure 10). Accordingly, multi-model
selection revealed that DN concentration, plant biomass, and soil pH could explain 89%
of variability in N mineralization. Considering DOC:DN ratios instead of DN concentra-
tions, 84% of variation in N mineralization could be explained by the model.
In accordance with our hypothesis, non-symbiotic N2 fixation was negatively corre-

lated with soil N:P ratio suggesting that microorganisms regulate N2 fixation based on
soil stoichiometry. Both low N and sufficient P availability have shown to increase non-
symbiotic N2 fixation. It is energetically more efficient to take up mineral N, when
available, than to fix atmospheric N2 (Reed et al., 2011) and sufficient P needs to be
available to support ATP production (Vitousek et al., 2002). This finding confirms
chemical constraints on element cycling and that microorganisms adjust element acquisi-
tion to meet their nutritional demands as previously assumed (Mooshammer et al., 2014;
Zechmeister-Boltenstern et al., 2015; Spohn, 2016).
Our result that, besides soil N:P ratio, C:P ratios explained a large proportion of non-

symbiotic N2 fixation across the six grassland sites might indicate that N2 fixation is C
limited. Microorganisms need available C substrates as energy sources for nitrogenase
production. Between 5 and up to 117 g C are needed in different microorganisms to fix
1g of N2 (Hill, 1992).
Another way to acquire N is the exudation of extracellular enzymes such as the peptide-

degrading LAP. In accordance with our hypothesis that LAP activities increase with de-
creasing N availability, we found a negative correlation of LAP activity with DN concen-
trations in the topsoil indicating that microorganisms invested less into the production of
N-acquiring enzymes when more N was available. However, LAP activity did not change
upon nutrient addition as similarly found in three contrasting grasslands in the USA and
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Figure 9: Changes in net N mineralization rate (Nmin) (a), non-symbiotic N2 fixation rate
(Nfix ) (b), and leucine-aminopeptidase activity (LAP) (c) for the two soil depth increments
depending on N and P additions across all six sites. Changes in variables were calculated by
subtracting the control from each treatment. Colored circles and squares represent the mean
value ± SD for each treatment in 0-15 cm (n=18) and in 15-30 cm (n=15). Linear mixed-
effects models were performed with treatment as fixed factor and random intercepts for sites.
Significant differences between treatments are indicated by lower-case letters, while asterisks
indicate significant differences between treatments and the control (illustrated by the grey line).
See also study III.
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Figure 10: Relationships between changes in soil N cycling processes and changing element
availabilities due to N and P additions across all sites in 0-15 cm and 15-30 cm soil depth.
Correlations between N mineralization rate (Nmin) and dissolved N concentrations (DN) (a),
correlation between Nmin and dissolved organic matter C:N ratios (DOC:DN ratio) (b), corre-
lations between non-symbiotic N2 fixation (Nfix) and total N:total P ratio (TN:TP ratio) (c),
and correlations between leucine-aminopeptidase activity (LAP) and dissolved N concentrations
(DN) (d). Changes in variables were calculated by subtracting the control from each treatment.
To avoided negative values for subsequent square root-transformations changes in variables were
adjusted by adding a constant (c = minimum of data frame + 1.1). See also study III.
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South Africa (Zeglin et al., 2007), in a semiarid grassland in New Mexico (Stursova et
al., 2006), and in a recent meta-analysis (Chen et al., 2018). Reasons for inconsistencies
regarding LAP activities and N addition might be, first, that N can be obtained from dif-
ferent molecules and thus several enzymes and N-acquisition strategies exist (Sinsabaugh
et al., 2008). Second, N-acquisition can be linked to C-acquisition since peptides can be
N and C sources (Sinsabaugh et al., 2008; Sinsabaugh and Follstad Shah, 2012). Third,
in our study and a global meta-analysis (Sinsabaugh et al., 2008), LAP activities were
mainly controlled by soil pH.

Our finding that N addition increased net N mineralization indicates that inorganic N
is released by microorganisms once their N demands are covered and N is in excess (Nave
et al., 2009; Ma et al., 2011; Zhang et al., 2012). Net N mineralization was negatively
related to the DOC:DN ratio demonstrating the importance of substrate stoichiometry
on microbial N release (Manzoni et al., 2008; Heuck and Spohn, 2016). Microorganisms
immobilize N in their biomass when DOC:DN ratios increase and less N compared to C
is available, whereas they release excess N under decreasing DOC:DN ratios and thus N
mineralization increases. Consequently, microorganisms adjusted processes of N acquisi-
tion and N release to their nutritional demands and likely to their biomass stoichiometry.

1.4.4.2 P acquisition

Here, we studied if, besides N acquisition, P acquisition (assessed by phosphatase activity
and abundance and community of PSB) is affected by nutrient addition and stoichio-
metric constraints of microorganisms (see also study IV).

We found that across all sites the relative abundance of PSB in the topsoil was sig-
nificantly lower under N (-18 %) and NP additions (-41%, Figure 11a), whereas in the
subsoil it was significantly lower under NP addition (-60%) as compared to control (Fig-
ure 11b). Soil TOC:TP ratio, percentage of sand, pH, and water-extractable P predicted
the variance of the relative abundance of PSB in the topsoil with an R² of 0.71 (p <

0.01). Based on a model only considering the control plots, the variance of the relative
PSB abundance was predicted with an R² of 0.83 (p = 0.012). The PSB community
across all sites was significantly different in the N and NP compared to control and P
addition (p = 0.002, Figure 12).

Phosphatase activity was significantly higher under N addition (+17%) compared to
control across all six topsoils (Figure 13a). In the subsoil, differences in phosphatase
activity between nutrient addition treatments and control were not statistically significant
(Figure 13b).

Our finding that a higher TOC in relation to P concentration enhanced the abundance
of PSB shows the impact of the soil stoichiometry on the abundance of PSB. An expla-
nation could be that microorganisms need organic C to build and release organic acid
anions that largely contribute to P solubilization (Jones and Oburger, 2011). Further, C
addition enhanced P solubilization in laboratory studies (Hameeda et al., 2006; Patel et
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Figure 11: Effect of nutrient addition (N, P, NP) on the relative abundance of phosphorus-
solubilizing bacteria (PSB) across all six sites in (a) 0-15 cm depth and (b) 15-30 cm depth. A
linear mixed-effects model was calculated with treatment as fixed factor and random intercepts
for sites. Points represent the mean value of the model predictor while error bars represent
the range of 95% confidence intervals. Predictors are considered significant if error bars do not
overlap with zero, indicated with asterisks. The vertical intercept (position zero) corresponds to
the control. Significant differences between treatments are indicated by lower-case letters at the
right side of the subplot. See also study IV.

al., 2008), P solubilization was strongly C limited in an incubation experiment (Pastore
et al., 2020), and soil TOC:TP ratio was positively correlated with the relative abundance
of PSB in pastures in New Zealand (Mander et al., 2012). This finding contradicts our
hypothesis that the abundance of PSB increases with increasing TN:TP ratios because
microorganisms need N for transcription and translation to produce organic acids and
siderophores that solubilize P. Instead, it emphasizes the role of soil C for P solubilization.

Our observation that N and NP additions decreased the relative abundance of PSB
and altered their community composition indicates first, that N inputs may affect the
functional traits of the microbial community since a lower number of PSB might also
solubilize less P. Second, PSB likely have an advantage under nutrient-poor conditions
and are poor competitors at high N and NP availability. A reason could be that microor-
ganisms adapted to N- and NP-rich soils invest less into nutrient acquisition and have
more energy left for growth and other fitness-related processes. Several authors have
described similar functional adaptions of microbial communities to nutrient availability
(Calvaruso et al., 2007; Mander et al., 2012; Lepleux et al., 2013; Nicolitch et al., 2016).
For instance, P solubilization efficacy was lower in nutrient-rich than in nutrient-poor
beech forest soils (Nicolitch et al., 2016).

In accordance with our hypothesis, phosphatase activity was significantly higher under
N addition indicating, first, that increased N availability increased P demand and mi-
croorganisms invested into the production of P-acquiring enzymes. By this measure
microorganisms likely maintain their biomass stoichiometry despite changed element
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availabilities (Spohn, 2016). Second, increased N availability likely enables phosphatase
production, since enzymes contain large amounts of N. A meta-analysis and previous
studies have shown that plants and microorganisms invest into P acquisition if N avail-
ability increases (Marklein and Houlton, 2012; Olander and Vitousek, 2000; Margalef et
al., 2017). Our findings that the abundance of PSB was related to substrate stoichiometry
and that N availability strongly impacted phosphatase activity indicate the importance
of element availability and stoichiometry not only for N, but also for P acquisition.
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Figure 12: Relative number of operational taxonomic units (OTUs) of phosphorus-solubilizing
bacteria in 0-15 cm soil depth sorted by nutrient addition treatments. Different letters indicate
significant differences among treatments. See also study IV.
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Figure 13: Effect of nutrient addition (N, P, NP) on soil phosphatase activity across all six sites
in (a) 0-15 cm depth and (b) 15-30 cm depth. A linear mixed-effects model was calculated with
treatment as fixed factor and random intercepts for sites. Points represent the mean value of
the model predictor while error bars represent the range of 95% confidence intervals. Predictors
are considered significant if error bars do not overlap with zero, indicated with asterisks. The
vertical intercept (position zero) corresponds to the control. Significant differences between
nutrient addition treatments are indicated by lower-case letters at the right side of the subplot.
See also study IV.

1.4.5 Microbial communities and element cycling

Besides studying the effects of nutrient addition on element cycling processes driven
by stoichiometric homeostasis of soil microorganisms, we studied how nutrient addition
affects microbial communities and how the changes in microbial community composition
can be linked to element cycling (see also study V).

Under N addition, microbial community composition changed with increases in the rel-
ative abundance of Alphaproteobacteria and Actinobacteria and decreases in Deltapro-
teobacteria and Acidobacteria. Although variation in prokaryotic community was highly
correlated with plant community (Mantel test r = 0.48, p = 0.001), plant community
composition accounted for only 10% of variance in prokaryotic community composition.
Instead, soil pH and TOC concentration accounted for a larger proportion of variance in
prokaryotic community composition with 23% and 20%, respectively (Figure 14). In the
fungal community, the relative abundance of Basidiomycota decreased under N addition,
whereas the relative abundance of Ascomycota increased. The variation in the fungal
community was highly correlated with the plant community (Mantel test r = 0.46, p =
0.001). However, plant community composition accounted for only 9% of variation in
fungal community composition, whereas the DOC:DN ratio accounted for 21% (Figure
14).

Microbial biomass C concentrations and microbial respiration rates were not signifi-
cantly affected by nutrient addition. Topsoil net N mineralization rates increased under
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Figure 14: Proportion of variation of prokaryotic (a) and fungal (b) community composition
explained by the displayed soil and plant factors in 0-15 cm soil depth. Results are based on
permutational multivariate analyses of variance (PERMANOVA) using Jensen-Shannon diver-
gence of microbial communities at OTU level, included are all factors with significant explanatory
value in single-factor PERMANOVA. Soil factors include soil pH, total organic carbon (TOC),
dissolved organic carbon-to-dissolved nitrogen ratio (DOC:DN), total nitrogen (TN), dissolved
organic carbon (DOC), and dissolved nitrogen (DN). Plant factors include plant community
based on first axis of principal coordinates analysis, plant biomass, and plant diversity (Shannon
diversity). See also study V.

any level of N and NP additions compared to control. Subsoil non-symbiotic N2 fixa-
tions rates were higher under the lowest level of N and P addition compared to control.
Instead of plant or microbial variables, soil variables accounted for a larger proportion of
variance in microbial respiration, non-symbiotic N2 fixation, and net N mineralization.
DOC:DN ratio accounted for the largest proportion of variation in microbial respiration
(Figure 15). Further, DN and DOC concentrations were the best explaining variables of
net N mineralization rates and TOC concentration was the best explaining variable for
non-symbiotic N2 fixation (Figure 15).

Our finding that under high levels of N addition Actinobacteria, Alphaproteobacteria,
and Ascomycota abundances increased corroborates previous findings that fast-growing,
copiotrophic organisms are more abundant under elevated nutrient inputs than slow-
growing, oligotrophic organisms (Fierer et al., 2012; Leff et al., 2015). Copiotrophs likely
need more N per unit biomass C to support their rapid growth and short biomass turnover
times (Kaiser et al., 2014) and thus have a competitive advantage under N addition.

Soil pH was a main driver of prokaryotic community composition as found in other
studies (Ramirez et al., 2010; Lauber et al., 2009; Fierer and Jackson, 2006; Rousk et al.,
2010). Most soil prokaryotes have a relatively narrow pH tolerance (Rousk et al., 2010)
and thus soil pH can induce physiological stress impairing growth or competitiveness
(Fernández-Calviño and Bååth, 2010). Further, TOC concentrations were important
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Figure 15: Proportion of microbial respiration (a), net nitrogen (N) mineralization (b), and non-
symbiotic N2 fixation rates (c) in 0-15 cm soil depth explained by the displayed soil, microbial, and
plant factors. Soil factors include soil pH, total organic carbon (TOC), dissolved organic carbon-
to-dissolved nitrogen ratio (DOC:DN), total nitrogen (TN), dissolved organic carbon (DOC), and
dissolved nitrogen (DN). Microbial factors include prokaryotic and fungal community composition
at OTU level based on first axis of principal coordinates analysis. Plant factors include plant
biomass and diversity (measured as Shannon diversity). See also study V.
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drivers of prokaryotic community composition, reflecting the importance of C as limiting
resource, supporting and structuring microbial communities (Alden et al., 2001; Heuck
et al., 2015; Sul et al., 2013).

The predominant driver of fungal community composition was the DOC:DN ratio likely
because some fungi, mainly Basidiomycota, are specialists in decomposing complex C
sources with high C:N ratios (de Boer et al., 2005), whereas fast-growing fungi in the
Ascomycota, such as molds (Lundell et al., 2014), also benefit from smaller DOC:DN
ratios. Thus, smaller DOC:DN ratios affect fungal communities explaining the shift from
Basidiomycota to Ascomycota under N addition.
Although microbial community composition changed under nutrient addition, micro-

bial respiration remained unaffected indicating functional redundancy of the microbial
community (Banerjee et al., 2016; Rousk et al., 2009; Wertz et al., 2006). Instead, the
DOC:DN ratio explained a large proportion of microbial respiration demonstrating the
importance of substrate stoichiometry on microbial respiration (Spohn, 2015; Spohn and
Chodak, 2015). Further, N addition increased N mineralization rates as commonly ob-
served (Vourlitis et al., 2007; Vestgarden et al., 2003; Ma et al., 2011) and this increase
was associated with changes in DN and DOC concentrations. The coupling of N cycling
to soil C and N concentrations is an often observed phenomenon (Colman and Schimel,
2013; Liu et al., 2017; Schleuss et al., 2019; Nelson et al., 2016). Specialized functions,
such as non-symbiotic N2 fixation by free-living microorganisms (Dixon and Kahn, 2004),
might be more affected by microbial community change than broader functions (Schimel,
1995; Reed et al., 2010). However, we found that TOC concentrations were the major
driver of non-symbiotic N2 fixation rates likely because non-symbiotic N2 fixation is one
of the most energy-costly processes on earth (Smith, 1992; Hill, 1992). In conclusion,
element cycling was mainly mediated by soil factors as opposed to plant and microbial
community shifts emphasizing the control of element availabilities on element cycling
rates.
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1.5 Summary, Conclusion, and Outlook

Here, we evaluated the influence of nutrient inputs on microbial biomass stoichiometry
and on processes by which microorganisms can maintain biomass stoichiometry in six
grassland soils across three continents. Moreover, we added details to the current ques-
tion if and to what extent the concept of Ecological Stoichiometry can be used to explain
element cycling rates by assessing processes of C, N, and P cycling and biotic and abiotic
controls on them. It is of special interest to understand if and how stoichiometric rela-
tionships regulate element cycling to predict responses of terrestrial ecosystems to global
change.

Seven to nine years of nutrient addition to six different grassland soils around the
world did not change microbial biomass stoichiometry despite large changes in element
availabilities. This finding confirms the assumed stoichiometric homeostasis of soil mi-
croorganisms in terrestrial ecosystems also after years of nutrient addition. To maintain
homeostatic stoichiometry, microorganisms adjusted processes of element partitioning
and turnover and processes of element acquisition.

The partitioning of C into growth and respiration, measured by a novel isotopic
method, was highly dependent on substrate stoichiometry. Under higher DOC:DN ratios,
microorganisms had a lower CUE. Thus, they respired more, indicating that they needed
to invest into nutrient acquisition. As substrate stoichiometry gets closer to microbial
stoichiometry, microorganisms invest less into nutrient acquisition and have a higher
CUE. The relation between nutrient demand and substrate stoichiometry was also ex-
pressed by microbial enzyme activities: N-acquiring enzymes were negatively correlated
with CUE showing that the investment into N acquisition decreases CUE.

Further, for the first time, we used 33P labeling of microbial DNA to determine the
turnover time of P in the microbial biomass. We showed that microorganisms increased
the mean residence time of P in their biomass with decreasing P availability indicating
that microorganisms adjust turnover times of elements in their biomass according to
element availabilities.

Besides element partitioning and turnover, microorganisms also adjusted processes of
element acquisition to element availabilities. Non-symbiotic fixation of atmospheric N2

was highly related to TOC:TP and TN:TP ratios. A high N availability suppresses N2

fixation since the uptake of reactive N from soil is less energy consuming than fixing
atmospheric N2. Non-symbiotic N2 fixation is one of the most energy-consuming pro-
cesses on earth and sufficient P for ATP production needs to be available. However, C
availability seemed to control N2 fixation more strongly than P availability as indicated
by the positive relation between N2 fixation and TOC:TP ratios. Nutrient addition did
not directly affect LAP activities, whereas they were negatively related with DN concen-
trations indicating that high N availabilities prevent microorganisms from investing into
N-acquiring enzymes. Further, N release highly depended on substrate stoichiometry.
The decrease in net N mineralization rates with increasing DOC:DN ratios indicates
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that the more N in relation to C is available, the more N is released.

In addition, P acquisition processes are possibly altered by N availability as indicated
by changes in phosphatase activity and the abundance of PSB under N addition. High N
availability increased phosphatase activity but decreased the abundance and altered the
community of PSB indicating a switch from solubilization to mineralization of P under
increasing N inputs. Phosphatase activity was enhanced with increasing N availability,
reflecting on the one hand, increased microbial P demand as an attempt to balance
biomass stoichiometry, and on the other hand, the capacity to produce enzymes, which
are generally rich in N. For the first time, the concept of Ecological Stoichiometry was
applied to the abundance of PSB. We found that the abundance of PSB was related to
TOC:TP ratios likely because microorganisms need organic C to produce organic acids
that enable P solubilization.

At one of the studied sites, nutrient inputs strongly shifted microbial community com-
position without affecting microbial biomass and respiration. Net N mineralization, non-
symbiotic N2 fixation, and microbial respiration under nutrient addition were largely
explained by element availabilities rather than by plant or microbial community shifts
against our expectation and that of many sequencing studies. This finding confirms that
nutrient availabilities exert a strong control on element cycling rates, even stronger than
plant and microbial community shifts.

Using the concept of Ecological Stoichiometry as a predictor of element cycling rates
is appealing because soil and dissolved organic matter stoichiometry is relatively easy
to access. However, this approach also has limitations. The activities of LAP, a N-
acquiring enzyme, were not directly related to substrate stoichiometry indicating that
not all element cycling processes can be based on stoichiometric relationships. Further,
multi-model selection reveled in many cases that stoichiometric relations cannot explain
element cycling alone, rather climatic variables, soil pH, and soil texture were important
predictors as well. Yet, microbial homeostasis can be applied to predict many processes
of element acquisition, partitioning, turnover, and release in grassland ecosystems and
thus Ecological Stoichiometry has proven as an important concept not only for aquatic
but also terrestrial ecology.

Based on our results, we can roughly estimate the consequences of long-term atmo-
spheric N deposition on soil element cycling in grassland ecosystems driven by stoi-
chiometric homeostasis of soil microorganisms (Figure 16). Acquisition of N via non-
symbiotic N2 fixation likely decreases under elevated N inputs, whereas N-acquiring en-
zymes (in this case LAP) might not respond. The microbial release of N via net N
mineralization might increase. With increasing N inputs, P solubilization from inorganic
P might decrease paralleled by an increase in organic P mineralization changing P cy-
cling in grassland soils. Even though soil microbial CUE might remain unaffected by
increasing N inputs, C uptake and microbial respiration and thus soil CO2 emissions
might decrease (Figure 16). The microbial community composition likely shifts towards
more copiotrophic organisms, whereas rather element inputs than changes in microbial
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communities might drive element cycling. This preliminary framework might help to
predict how grassland ecosystems respond to elevated nutrient inputs. However, it needs
to be considered that our results are based on six grasslands sites and that added N
amounts were higher than actual atmospheric N deposition in most regions of the world.

Decomposition

 N2 fixation

P solubilization

Element acquisition Element partitioning
and turnover

Element release

Microbial biomass

CO2

Ni

-
-

+ N Soil environment

Figure 16: Conceptual framework on how N inputs can affect processes of element acquisition,
partitioning, turnover, and release in grassland soils based on the results of this work (compare
with Figure 1, changed from Spohn, 2016, created with BioRender.com).

To develop a detailed conceptual framework of soil element cycling in grasslands under
nutrient addition, more studies are necessary to enhance the statistical power and to
test the effects of nutrient addition in further grassland ecosystems. To understand the
contribution of the different processes regulating biomass stoichiometry and to further
understand the relevance of stoichiometric homeostasis for element cycling, modelling
of the different processes using path models would be helpful. In addition, studying
long-term nutrient addition experiments would enable to apply the concept to plant and
microbial communities adapted to changed element availabilities over a long period of
time. Moreover, it is worth studying element cycling related to stoichiometric homeostasis
of microorganisms not only in grasslands but also in other terrestrial ecosystems such as
forests, deserts, etc. and to compare ecosystem behavior.
The concept of Ecological Stoichiometry may contribute to the highly topical chal-

lenge of predicting soil CO2 emissions and nutrient availabilities for plant nutrition since
it enables a more profound understanding of drivers of element cycling on a global scale.
Thus, it should be implemented in biogeochemical or climate models and might, in gen-
eral, support predictions of ecological responses to global change.
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2.1 Study I - C partitioning

Abstract

Soil microbial carbon use efficiency (CUE), defined as the ratio between carbon (C)
allocated to growth and C taken up by microorganisms, is pivotal for the understanding
of C cycling in terrestrial ecosystems. Soil microbial CUE is thought to increase under
nitrogen (N) addition, thereby mediating the effects of atmospheric N deposition on C
cycling in soils. We studied the effects of N, phosphorus (P), and combined N and P
addition on soil microbial CUE from a total of six grassland soils from South Africa, USA,
and UK. Microbial CUE varied between 25 and 57% with a mean value of 40% across all
sites, depth increments, and treatments. Most of the site variability in microbial CUE
was explained by sand content, mean annual precipitation and temperature, and the
dissolved organic C:dissolved N ratio. Soil microbial CUE as well as microbial biomass
turnover time were robust to changes in N, P, and NP supply. However, N addition
significantly reduced microbial respiration and C uptake in the topsoil. Taken together,
N, P, and NP addition did not influence microbial CUE and biomass turnover time in
grassland soils on different continents, indicating that microbial CUE varies little despite
large changes in element inputs. Consequently, increased N inputs to soil may have a
smaller impact on microbial CUE and biomass turnover time, and therefore C cycling
in grassland soils, than expected and models assuming increased CUE with increasing N
inputs could overestimate future C storage.
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2.1.1 Introduction

Soil microbial carbon use efficiency (CUE), which is defined as the ratio between the
carbon (C) allocated to growth and C taken up by microorganisms (del Giorgio and
Cole, 1998), and microbial biomass turnover time both shape soil C cycling in terrestrial
ecosystems. Yet, it is poorly understood how changing environmental conditions, such
as increasing availability of nitrogen (N) and phosphorus (P), affect soil microbial CUE
and biomass turnover.

Humans have greatly increased the supply of nutrients to ecosystems through activities
such as intensive agriculture and fossil fuel combustion (Galloway et al., 2004; Schlesinger,
2009; Wang et al., 2015). The increased supply of nutrients has affected plant growth
(Fay et al., 2015; Stevens et al., 2015), plant diversity (Clark and Tilman, 2008; Harpole
et al., 2016), and soil element cycling in grassland ecosystems (Janssens et al., 2010).
Rising N and P supply has caused contradictory effects on soil C cycling and on C stocks
as some studies report increasing soil C stocks due to N (Fornara and Tilman, 2012;
Yue et al., 2016) or P addition (Bradford et al., 2008), while others report no change in
grassland C stocks under N (Zeng et al., 2010; Lu et al., 2011; Crowther et al., 2019) or
P addition (Fornara et al., 2013). Since grasslands contain up to 30% of the global soil
C stocks (Scurlock and Hall, 1998), it is important to test how the addition of N and P
impacts C cycling in grassland soils to improve future predictions of global C fluxes.

Soil C cycling is governed by microorganisms and changes in microbial CUE might
critically influence the global C cycle (Li et al., 2018; Walker et al., 2018). Models
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predict an increase in CUE with increasing N availability (Ågren et al., 2001; Schimel and
Weintraub, 2003; Eliasson and Ågren, 2011; Manzoni et al., 2017), and thus decreased
C losses from soil to atmosphere. The reason for this prediction is that microorganisms
might allocate more C to growth when N availability is high because of lower metabolic
costs of N acquisition (Manzoni et al., 2012; Spohn et al., 2016b). However, empirical
findings about how N inputs affect soil microbial CUE are contradictory and the effect
of N on CUE was rarely studied across continents. Most studies found an increase in
CUE under N addition: for example, long-term N addition in combination with P or K
(Spohn et al., 2016b) and long-term NPK addition (Poeplau et al., 2019) increased CUE
in temperate grasslands. In contrast, other studies have found a negative effect of N
addition on soil microbial CUE in North American grasslands (Riggs and Hobbie, 2016),
and no effect in croplands (Lee and Schmidt, 2014).

In comparison to the effects of N, less is known about the effects of P addition on
microbial C processing. Addition of P could directly alleviate microbial nutrient limita-
tion, and thus increase CUE. Further, addition of P could indirectly increase microbial
CUE due to an increase in organic C supply through increased plant litter inputs (Elser
et al., 2007) and desorption of organic compounds from the soil solid phase (Spohn and
Schleuss, 2019). Yet, one study demonstrated that CUE was unchanged by long-term
PK addition in a temperate grassland (Spohn et al., 2016b).

In addition to nutrient inputs, the C:N ratio of dissolved organic matter (DOC:DN
ratio), which reflects the C:N ratio of substrate on which soil microorganisms feed, is
an important factor influencing microbial CUE (Manzoni et al., 2012). The DOC:DN
ratio usually exceeds the C:N ratio of the soil microbial biomass (Mooshammer et al.,
2014) and in comparison to variations in the DOC:DN ratio, variations in microbial
biomass C:N ratios are very small (Cleveland and Liptzin, 2007; Xu et al., 2013). It has
been proposed that a large disparity between the stoichiometry (i.e. the element ratio)
of the microbial biomass and its substrate decreases microbial CUE because microbes
need to invest more C and energy into nutrient acquisition and since excess C might be
metabolized by overflow respiration (Manzoni et al., 2012; Sinsabaugh et al., 2013). Con-
firming this concept, it has been found that soil microbial CUE declined with increasing
DOC:DN ratio in soils without nutrient addition (Sinsabaugh et al., 2013; Sinsabaugh et
al., 2016; Manzoni et al., 2017). However, in fertilized soils, CUE increased moderately
with increasing DOC:DN ratios (Manzoni et al., 2012) and the C:N ratio of rice straw
had no effect on microbial substrate use efficiency (Devêvre and Horwáth, 2000). Thus,
there are still open questions about the relationship between soil microbial CUE and soil
stoichiometry.

Further, soil microbial biomass turnover time can directly influence the fate of C in
soils, because it affects the amount of C that leaves the microbial biomass per unit
time. The C that left the microbial biomass pool can either become mineralized by
the soil microbial biomass or can contribute to the soil organic matter pool (Hagerty
et al., 2014; Li et al., 2018). Microbial biomass turnover time is defined as the ratio of
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microbial biomass and microbial growth rate (Spohn et al., 2016a; Kouno et al., 2002).
Recent studies have shown that an increase in temperature accelerates microbial biomass
turnover (Hagerty et al., 2014; Li et al., 2018; Walker et al., 2018). However, the effect of
nutrient addition on microbial biomass turnover time has rarely been studied. One study
found that microbial biomass turnover time in a temperate grassland was unaffected by
N or P addition (Spohn et al., 2016b). However, N addition could reduce microbial C
uptake (Spohn et al., 2016a), which might lead to increased microbial biomass turnover
time.
The contradictory effects of N addition on CUE and the lack of knowledge concerning

the effects of nutrient addition on biomass turnover time show the need for a better
understanding of how nutrient availability shapes microbial C cycling in soils. This is
especially true since CUE is a critical factor in ecosystem C models (Allison et al., 2010;
Six et al., 2006) that is expected to increase in response to N inputs to soil.
Here we studied the effects of N and P supply on soil microbial C processing (CUE

and microbial biomass turnover) in a nutrient addition experiment replicated in a total
of six grasslands soils in South Africa, the USA, and the UK. The sites represent a broad
range of grasslands in terms of climate, soils, and biota (Borer et al., 2014). We used
a recently developed method, which is based on the incorporation of soil water-derived
18O into microbial DNA, to determine CUE and microbial biomass turnover times. We
hypothesized that i) N and P addition will increase microbial CUE, that ii) CUE will be
negatively related to the DOC:DN ratio, and that iii) N addition will increase microbial
biomass turnover time.

2.1.2 Materials and Methods

2.1.2.1 Site description and experimental design

We chose to study six grasslands sites from South Africa, the USA, and the UK because
they span a large, globally-relevant range of biotic and abiotic conditions (Table 1, S1, S2)
and represent some major grassland types worldwide, which enabled us to investigate C
cycling under different environmental conditions. Two sites, Cedar Creek and Chichaqua
Bottoms, are vegetated by tallgrass prairie and located in the Central Plains, USA (Table
1). The Cedar Creek site is situated on the Anoka Sand Plain, an outwash plain of the
Wisconsin Glacial Episode. The Chichaqua Bottoms site is located on Pleistocene till
and sand (Prior, 1991). The other two sites, Rookery and Heron’s Brook, are mesic
grasslands and are located in Silwood Park, UK (Table 1). The Rookery and Heron’s
Brook sites are both situated on sands of the Bagshot Formation (British Geological
Survey, 1999). Two sites, Ukulinga and Summerveld, are mesic grasslands and located in
KwaZulu-Natal, South Africa (Table 1). The Ukulinga site is located on top of a plateau
formed by Ecca group shales (Fynn and O’Connor, 2005) and the Summerveld site is
situated on a sandstone plateau (Wragg, 2017) and its soil is shallow with an average
depth of 17 cm.
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Table 1: Site name, code, country, ecosystem, texture, duration of the nutrient addition treatment, elevation, latitude, longitude, mean annual precipitation
(MAP), mean annual temperature (MAT), soil pH (in 0-15 cm depth), dominant plant species, grass, forb, and legume cover, and aboveground net primary
productivity (ANPP) of the six grassland sites.
Site name Cedar Creek Chichaqua Bottoms Rookery Heron’s Brook Ukulinga Summerveld

Site code cdcr.us cbgb.us rook.uk hero.uk ukul.za summ.za
Country USA USA UK UK South Africa South Africa
Ecosystem Tallgrass prairie Tallgrass prairie restored Mesic grassland Mesic grassland Mesic grassland Mesic grassland
Texture Sand Loamy sand Sandy loam Sandy loam Silty clay Loam
Nutrient addition (yr) 9 7 9 9 7 7
Elevation (m) 270 275 60 60 843 679
Latitude 45.43 41.79 51.41 51.41 -29.67 -29.81
Longitude -93.21 -93.39 -0.64 -0.64 30.4 30.72
MAP (mm) 800 891 678 678 838 809
MAT (°C) 6 9 10 10 18 18
pHH2O 5.27 5.73 3.76 5.12 5.89 5.20

Dominant plant
species1,2

Agrostis scabra, Andro-
pogon gerardii, Carex
sp., Conyza canadensis,
Elymus repens, Pen-
nisetum glaucum, Poa
pratensis, Rumex ace-
tosella, Schizachyrium
scoparium, Solidago
missouriensis

Ambrosia psilostachya, An-
dropogon gerardii, Bromus
inermis, Chamaecrista fasci-
culata, Chenopodium album,
Gaura biennis, Monarda
fistulosa, Poa pratensis,
Schizachyrium scoparium,
Solidago canadensis, Solidago
speciosa, Symphyotrichum
pilosum

Agrostis capillaris,
Festuca rubra, Galium
saxatile, Holcus lanatus,
Holcus mollis, Luzula
campestris, Rumex
acetosella, Senecio
jacobaea

Agrostis capillaris, An-
thoxanthum odoratum,
Arrhenatherum elatius,
Festuca rubra, Holcus
lanatus, Holcus mollis,
Lotus corniculatus,
Ranunculus repens,
Rumex acetosa, Tri-
folium repens, Veronica
chamaedrys

Berkheya umbellata,
Cymbopogon nardus,
Eragrostis curvula,
Hyparrhenia hirta,
Scabiosa columbaria,
Setaria nigrirostris,
Tagetes minuta,
Themeda triandra,
Tristachya leucothrix

Aristida junciformis,
Elionurus muticus,
Helichrysum aure-
onitens, Monocymbium
ceresiiforme, Panicum
ecklonii, Sporobolus
africanus, Tephrosia
macropoda, Themeda
triandra, Trachypogon
spicatus

Grass cover2(%) 94 74 45 104 116 120
Forb cover2(%) 21 42 61 26 44 56
Legume cover2(%) 1 6 0 19 12 10
ANPP2(g m−2 yr−1) 178 397 180 509 498 349

1 Taxa are in alphabetic order
2 Data refer to the control (without any addition of N and P)
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All sites contribute to the Nutrient Network (Borer et al., 2014) and have been subject
to a standardized nutrient addition treatment. We sampled plots (5 x 5m) with and
without N and P addition (Ctrl, N, P, and NP), which were replicated three times at
each site. Nutrients had been added annually at the beginning of the growing season for
at least seven years (Table 1) as 10 g m−2 yr−1 slow-release urea ((NH2)2CO) and 10 g
m−2 yr−1 triple-super phosphate (Ca(H2PO4)2).

2.1.2.2 Sampling and Sample Preparation

Soils were sampled in two depth increments, from 0-15 cm (termed “topsoil”) and 15-
30 cm depth (termed “subsoil”), both located in the A horizon of all soils. One mixed
sample consisting of six individual samples from each plot was collected with a soil corer
with a diameter of 3.5 cm. In Summerveld, only the first depth increment was sampled
because of limited soil depth. At each site, the sampling coincided with the time of peak
biomass (February 2017 in South Africa, September 2017 in the USA, and October 2017
in the UK). Samples were shipped to the University of Bayreuth within one week after
collection. Soil samples were sieved (< 2 mm) and stones and roots were removed. To
determine soil water holding capacity and water content, samples were weighed, soaked
with water, drained for 24 h in a sand bath and weighed again before and after drying at
105 °C. Samples were adjusted to 60% water holding capacity (except for the samples used
for CUE analyses) and samples were pre-incubated for one week at 15 °C for subsequent
measurements (i.e. soil water extracts, microbial respiration, and enzyme measurements)
to allow the soil biota to recover from soil sieving and to allow soil respiration to reach
basal rates.

2.1.2.3 Soil physical and chemical analyses

Samples were dried at 60 °C and milled to determine total organic C (TOC), total N
(TN), and total P (TP). TOC and TN were measured using an element analyzer (Vario
Max Elementar, Hanau, Germany). TP was determined by ICP-OES (Vista-Pro radial,
Varian) after pressure digestion in aqua regia (HNO3 + HCl). For the determination of
dissolved organic C (DOC), dissolved N (DN), and dissolved inorganic P (DIP), soils were
extracted in deionized water in a ratio of 1:4 (soil:water) and shaken for 1 h. Subsequently,
extracts were filtered through 0.45 µm cellulose acetate filters and quantified (DOC,
DN: TOC:TN Analyzer, multi N/C 2100, Jena Analytics, Germany; DIP: UV 1800,
Shimadzu). Labile P was extracted from soils with Bray-1 solution (0.03 M NH4F, 0.025
M HCl) (Bray and Kurtz, 1945) in a ratio of 1:10 (soil:extractant) and determined by
a multiplate reader (Infinite® 200 PRO, TECAN) using the molybdenum blue method
(Murphy and Riley, 1962). To prevent interference with the color formation of the assay,
fluoride ions were neutralized with 0.1 M boric acid (Kurtz, 1942). Soil pH was measured
in deionized water and 1 M KCl in a soil:solution ratio of 1:2.5. Soil texture was analyzed
according to Köhn (1928). Samples were pre-treated with H2O2 as oxidant to destroy
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organic substances. The sand fraction was separated through sieving. The samples were
dispersed in 25 ml Na-Pyrophosphate and transferred into cylinders, where silt and clay
content were assessed by sedimentation analysis (DIN ISO 11 277).

2.1.2.4 Microbial respiration

Soil samples of 40 g dry-weight-equivalent were incubated for 35 days at 15 °C in the
dark. Respired CO2 was trapped in 0.6 M KOH and changes in electrical conductivity
were measured by a respirometer (Respicond V, Nordgen Innovations). Cumulative CO2

was measured continuously (every 2 hours) and respiration rates were calculated based
on the linear increase in accumulated C-CO2 over time (Heuck and Spohn, 2016).

2.1.2.5 Carbon use efficiency and microbial biomass turnover time

Microbial CUE was determined based on the incorporation of 18O from 18O-labeled water
into microbial DNA (Spohn et al., 2016a). A dilution of 18O labeled water (97 at%) was
prepared and added to one aliquot of each soil sample to reach 20 at% 18O in the soil
water and to adjust the soil water content to 60% of the soil’s water holding capacity.
Non-labeled Millipore water was added to another aliquot of the soil, serving as a natural
isotope abundance sample. Both samples were incubated for 24 h at 15 °C. Subsequently,
samples were frozen until DNA extraction. DNA was extracted using a DNA extraction
kit (FastDNA™ SPIN Kit for Soil, MP Biomedicals) following the instruction of the
manual except for some adjustments that were necessary to enhance purity and extraction
quantity. First, samples were centrifuged for 15 min to enhance elimination of excessive
debris and second, not just a part, but all DNA mixture was transferred to the filter.
The weight of the DNA extract was determined gravimetrically. DNA concentration
was measured with the picogreen assay (Sandaa et al., 1998) using a kit (Quant-iT™
PicoGreen® dsDNA Reagent, Life Technologies). An aliquot of 4 µl of each sample
was diluted 250-fold and measured fluorimetrically using a microplate reader (Infinite®
200 PRO, TECAN). DNA extracts were dried in silver capsules at 60 °C, and the 18O
enrichment and the total amount of oxygen were measured using a TC/EA coupled to
a Delta V Plus IRMS (Thermo Fisher). The microbial growth rate in terms of DNA
produced per hour was calculated based on the incorporation of 18O-H2O into genomic
DNA (Schwartz, 2007; Blazewicz and Schwartz, 2011; Spohn et al., 2016a) because
new genomic DNA is only synthesized when cells are dividing. Based on a correlation
between microbial DNA and microbial biomass C concentrations (see section 2.6), the
growth rate in terms of biomass C produced per hour (CGrowth) was calculated. The
correlation between microbial DNA and microbial biomass C concentrations across all
samples analyzed here was used to calculate CGrowth following Spohn et al. (2016a). This
prevents artificially created differences in soil microbial CUE caused by the measurement
error. Further, several studies confirm a stable microbial biomass C:DNA ratio across
soils from different locations and different soil depths (Anderson and Martens, 2013;
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Spohn et al., 2016a; Spohn et al., 2016b; Spohn and Widdig, 2017). Finally, CUE was
computed based on growth rate and respiration rate (Manzoni et al., 2012; Sinsabaugh
et al., 2013):

CUE =
CGrowth

(CGrowth + CRespiration)

To calculate the turnover time of microbial biomass, microbial biomass concentration
was divided by microbial growth rate (Spohn et al., 2016a):

Turnover time =
Microbial biomass C

CGrowth

2.1.2.6 Microbial biomass carbon and nitrogen

Microbial biomass C and N were determined using the chloroform fumigation-extraction
method (Brookes et al., 1982; Vance et al., 1987). Each soil sample was split into
two aliquots of which one was fumigated with chloroform for 24 h and the other was
not fumigated. Both fumigated and non-fumigated samples were extracted in 0.5 M
K2SO4 in a ratio of 1:5 and measured by a TOC/TN Analyzer. The concentration of the
fumigated sample was subtracted from the concentration of the non-fumigated sample
and the result was multiplied by a conversion factor of 2.22 for microbial biomass C
(Jenkinson et al., 2004; Wu et al., 1990) and by a conversion factor of 1.85 for microbial
biomass N (Brookes et al., 1985; Joergensen and Mueller, 1996).

2.1.2.7 Microbial community structure

DNA was extracted from 250 to 500 mg soil using the Nucleo-Spin Soil kit (No. 740780,
Macherey-Nagel, Germany). Automated ribosomal intergenic spacer analysis (ARISA,
Fisher and Triplett, 1999) for bacterial and fungal communities was performed as de-
scribed in Heuck et al. (2015). Ribosomal intergenic spacers/ internal transcribed se-
quences were PCR-amplified in two separate reactions using bacteria-specific primers
(ITSF and ITSReub; Cardinale et al., 2004) and fungi-specific primers (ITS1F-Z and
ITS2; Weig et al., 2013, White et al., 1990), respectively. Briefly, 5 ng metagenomic
DNA was used in a 12.5 µl PCR volume as previously described (Weig et al., 2013). The
following modifications were implemented: bacterial and fungal ARISA PCR products
were separated independently on the fragment analyzer capillary electrophoresis instru-
ment (Agilent, Waldbronn, Germany) equipped with a long capillary array (55 cm). Two
microliter of ARISA PCR products were used for the double-stranded DNA kit DNF-910
(Agilent) and separated on the fragment analyzer. The electropherograms of each sam-
ple were manually inspected using the PROsize software (v3, Agilent) and a peak table
including size of fragments and peak intensity (RFU) was exported. For statistical anal-
yses of the ARISA data, only fragments between 200 and 1000 bp in size were selected
and analyzed using Primer7 software (v 7.0.13, Primer-E Ltd.). PCR fragment profiles
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were compared between samples by the shape of cumulative frequency curves, separately
for bacterial and fungal ITS amplification products. Finally, a resemblance matrix was
calculated from the cumulative profile matrix using Manhattan distance as resemblance
measure.

2.1.2.8 Enzyme activity

Activities of phosphatase (Pase), β-1,4-glucosidase (BG), β-1,4-N-acetyl-glucosaminidase
(NAG), and L-leucine aminopeptidase (LAP) were determined using the fluorogenic sub-
strates 4-methyl-umbelliferyl-phosphate, 4-methylumbelliferyl-β-D-glucoside, 4-methyl-
umbelliferyl-N-acetyl-β-D-glucosaminide, and L-leucine-7-amino-4-methylcoumarine fol-
lowing German et al. (2011) and Herold et al. (2014). A soil homogenate was prepared by
mixing 1 g of moist soil and 50 ml of sterile water. Four replicates of the soil homogenates
were pipetted into black polystyrene 96-well microplates and distilled, sterile water was
added instead of a buffer to remain close to natural soil pH conditions. Finally, 100 µl 1
mM fluorescent substrate solution were added to each sample well. The microplates were
covered and pre-incubated in the dark at 15 °C for 30 min and measured fluorimetrically
after 0, 60, 120, and 180 min with 360 nm excitation and 460 nm emission filters (Herold
et al., 2014) using a microplate reader (Infinite® 200 PRO, TECAN). Enzyme activi-
ties were calculated using the slope of net fluorescence over time and were corrected for
quenching of the soil, fluorescence of the substrate, and fluorescence of the homogenate.

2.1.2.9 Statistics

Data were checked for normal distribution (with Shapiro-Wilks test) and homogeneity
of variance (with Levene test) and transformed, if data were not normally distributed
and variances were not homogenous. After that, a two-way ANOVA followed by a Tukey
post-hoc test for multiple comparisons was used to test differences between treatments
and depth increments.
To assess the bacterial and fungal community composition, we first calculated Bray-

Curtis distance matrices in PRIMER 7 (Clarke and Gorley, 2015) with 999 permutations
before non-metric multi-dimensional scaling was applied to display the community com-
position. After the calculation of Bray-Curtis matrices, one-way-ANOSIM with 999
permutations was used to test for significant effects of either nutrient addition or site on
bacterial and fungal community composition.
A linear mixed-effects model implemented in the R package nlme (Pinheiro et al., 2018)

was used to test for the effects of nutrient addition on soil microbial CUE, microbial
biomass turnover time as well as microbial respiration, growth, and C uptake across all
sites. Treatment was set as fixed factor and random intercepts were included for sites.
This approach was chosen because it quantifies and compares treatment effects across
a set of sites controlling for between-site variation. Additionally, to test for the effects
of nutrient addition on soil microbial CUE, linear mixed-effects models were calculated
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with treatments split into two main factors (N addition with levels 0 or 1 and P addition
with levels 0 or 1) and their interaction.
A multi-model selection according to Grueber et al. (2011) was performed to assess the

relative importance of topsoil TOC, TN, TP, , DOC, DN, and labile P concentrations,
TOC:TN, TOC:TP, and DOC:DN ratios, soil pH, sand content, mean annual tempera-
ture (MAT), and mean annual precipitation (MAP) on soil microbial CUE and to find
the variables, which predict CUE in the different soils best. Further, we included above-
ground net primary productivity (ANPP) into multi-model selection to test for significant
effects of plant productivity on CUE. Silt and clay content were tested as explanatory
variables in the model as well, but sand content obtained a greater model fit (R² and
p-value) after multi-model selection. Random intercepts for the treatments at each site
were included to compensate for among-site variation in intercept values. All input vari-
ables were standardized prior to analysis using “arm” R library (Gelman et al., 2018) to
allow interpretation of the model estimates afterwards. To fit all possible models, we used
the dredge function in MuMIn R library (Barton, 2018). Of all possible models, the best
ones were selected using the AICc (AIC corrected for small sample size). Models within
the top four AICc units of the model with the lowest AICc were selected and averaged
using the MuMIn R library. Model variables having the highest relative importance (>
0.90) were selected to fit a linear mixed-effects model, for which a conditional R² and
p-value was calculated. The relative variable importance is the relativized sum of the
AIC weights summed across all the models in which the parameter appears and ranges
between 0 and 1. An importance of 1 represents variables with the highest explanatory
weight. Model p-values were obtained by likelihood ratio test and R² was calculated as
conditional R² (Nakagawa and Schielzeth, 2013). All statistical analyses were done using
R version 3.3.1 (R Core Team, 2018).

2.1.3 Results

2.1.3.1 Site characteristics and soil chemistry

The analyzed sites span broad abiotic and biotic gradients, for instance MAT ranged
from 6 °C at one site in the USA to 18 °C at the sites in South Africa, MAP ranged from
678 mm at a site in the UK to 891 mm at a site in the USA, and soil texture was diverse,
ranging from sand at a site in the USA to silty clay at a site in South Africa (Table 1).
Further, ANPP ranged from 178 g m−2 yr−1 at a prairie site in the USA to 509 g m−2

yr−1 at a site in the UK (Table 1).
Soil TOC and TN concentration did not change significantly due to N, P, and NP

addition (except for one UK site and one South African site, Table 2). Topsoil TP
concentrations increased under P and NP addition at one site in South Africa, the USA,
and the UK. Soil pH did not change significantly in response to nutrient addition (except
for one site in the USA, Table 2).
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The different sites also responded differently towards nutrient addition (Table 2, 3).
Topsoil DN concentrations were higher under N and NP addition at all sites except for
the sites in the UK, and topsoil DIP concentrations were higher under P and NP ad-
dition compared to control at all sites. Addition of N and NP decreased the DOC:DN
ratio in most topsoils, except for one site in the UK (Table 3). On average, the decrease
in the DOC:DN ratio due to N and NP addition amounted to -64% and -57%, respec-
tively, across all soils and depth increments compared to the control. The decrease in the
DOC:DN ratio under N and NP addition was mainly caused by increased DN concentra-
tions under N and NP addition by +164% and +106%, respectively, across all soils and
depth increments.

2.1.3.2 Carbon use efficiency

Addition of N, P, and NP did not significantly change CUE across all grassland soils at
either depth increment (Figure 1, Table S1). Soil microbial CUE ranged between 25%
at one site in the USA and 57% at a UK site (Figure 2a, Table S2), with a mean of 40%
across all sites.
A linear mixed-effects model of all treatments and sites based on sand content, MAP,

DOC:DN ratio, and MAT accounted for 70% of the variability in CUE across all sites
(Figure 3a, Table S3). Soil microbial CUE decreased with DOC:DN ratio and MAP and
increased with MAT and sand content. When considering exclusively the control plots,
these factors explained 89% of the variation in CUE (p < 0.001, Figure 3b). Further,
ANPP had no significant effect on CUE in multi-model selection. There was a significant
correlation between ANPP and soil microbial CUE (p = 0.007), however the R2 was 0.10
(data not shown).
In addition, CUE was negatively correlated with the activities of BG (R2 = 0.31, p =

0.02), NAG (R2 = 0.40, p = 0.006), and LAP (R2 = 0.50, p = 0.002) in topsoils (Figure
4). Considering the topsoil of the control plots, CUE increased with DN concentration
(R2 = 0.41, p = 0.004, data not shown) and was negatively related with the DOC:DN
ratio (R2 = 0.27, p = 0.03, data not shown). When considering only topsoils (except
Summerveld), the negative correlation between CUE and DOC:DN in the control plots
was highly significant (R2 = 0.71, p < 0.001, Figure S1).

2.1.3.3 Microbial biomass turnover time

Nutrient addition (N, P, and NP) did not significantly affect microbial biomass turnover
time at either depth increment (Figure 1c, d), because small and not significant changes
in microbial biomass C and CGrowth cancelled each other out. Mean microbial biomass
turnover time ranged between 54 days at one of the sites in the UK and 201 days at a
South African site, with an average of 122 days across all sites, treatments, and depth
increments (Figure 2b).
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Table 2: Total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and soil pH in 0-15 and 15-30 cm soil depth in the control, N, P, and
NP treatment at the six grassland sites. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth because of limited soil depth.
Numbers depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters
indicate significant differences between treatments tested separately for each site and depth increment. Asterisks indicate significant differences between
depth increments tested individually for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

TOC

(g C kg−1 )

cdcr.us1 9.4 ± 1.1a 15.7 ± 8.8a 9.0 ± 0.3a 11.0 ± 3.4a 5.2 ± 1.1a 10.4 ± 7.8a 4.4 ± 0.5a* 5.8 ± 2.1a
cbgb.us 7.2 ± 2.8a 8.2 ± 0.5a 6.9 ± 2.3a 7.4 ± 2.4a 4.1 ± 0.5a* 5.1 ± 0.2a* 4.0 ± 1.2a 4.1 ± 0.9a*
hero.uk 36.7 ± 6.8a 36.7 ± 6.1a 36.5 ± 1.8a 37.0 ± 7.7a 24.4 ± 3.5a* 24.5 ± 4.2a* 25.6 ± 4.7a* 23.9 ± 4.4a*
rook.uk 24.3 ± 2.6a 28.7 ± 3.2a 26.9 ± 1.2a 24.9 ± 2.2a 10.5 ± 1.5a* 12.8 ± 1.3a* 11.6 ± 1.3a* 10.1 ± 0.7a*
ukul.za 42.0 ± 2.0a 42.5 ± 0.8a 44.4 ± 0.5a 45.7 ± 0.8a 37.5 ± 3.6a 3.2.0 ± 4.4a* 34.8 ± 5.3a* 36.4 ± 0.6a*
summ.za2 49.1 ± 3.0a 51.1 ± 2.2a 51.7 ± 3.0a 51.7 ± 1.9a NA NA NA NA

TN

(g N kg−1 )

cdcr.us1 0.7 ± 0.1a 1.1 ± 0.6a 0.6 ± 0.1a 0.8 ± 0.3a 0.3 ± 0.1a* 0.7 ± 0.5a 0.3 ± 0.1a 0.4 ± 0.1a*
cbgb.us 0.6 ± 0.2a 0.8 ± 0.1a 0.6 ± 0.2a 0.7 ± 0.2a 0.4 ± 0.1a* 0.5 ± 0.1a* 0.4 ± 0.1a* 0.4 ± 0.2a*
hero.uk 3.1 ± 0.7a 3.1 ± 0.5a 3.0 ± 0.2a 3.1 ± 0.8a 2.1 ± 0.3a* 2.1 ± 0.3a 2.1 ± 0.4a 2.0 ± 0.4a*
rook.uk 2.1 ± 0.2ab 2.4 ± 0.3b 2.2 ± 0.1ab 2.0 ± 0.1a 1.0 ± 0.1a* 1.2 ± 0.1a** 1.0 ± 0.2a* 0.9 ± 0.1a*
ukul.za 2.9 ± 0.3a 3.1 ± 0.3ab 3.3 ± 0.1ab 3.4 ± 0.1b 2.6 ± 0.2a 2.4 ± 0.2a* 2.6 ± 0.3a* 2.7 ± 0.1a*
summ.za2 2.8 ± 0.2a 3.0 ± 0.4a 2.9 ± 0.3a 3.0 ± 0.1a NA NA NA NA

TP

(g P kg−1 )

cdcr.us1 0.31 ± 0.03a 0.46 ± 0.24a 0.58 ± 0.09a 0.56 ± 0.11a 0.24 ± 0.03a 0.40 ± 0.19a 0.36 ± 0.04a 0.38 ± 0.06a
cbgb.us 0.28 ± 0.02a 0.24 ± 0.05a 0.43 ± 0.04b 0.41 ± 0.06b 0.24 ± 0.03a 0.24 ± 0.02a 0.34 ± 0.03b* 0.35 ± 0.07b*
hero.uk 0.62 ± 0.16a 0.57 ± 0.07a 0.93 ± 0.13a 0.96 ± 0.28a 0.54 ± 0.15a 0.48 ± 0.06a 0.55 ± 0.17a* 0.62 ± 0.25a*
rook.uk 0.38 ± 0.01a 0.38 ± 0.04a 0.60 ± 0.06b 0.61 ± 0.14b 0.27 ± 0.01a* 0.31 ± 0.04a 0.32 ± 0.03a* 0.31 ± 0.04a*
ukul.za1 0.45 ± 0.02a 0.46 ± 0.08a 1.33 ± 0.12b 1.20 ± 0.15b 0.39 ± 0.02a 0.38 ± 0.04a 0.74 ± 0.25b* 0.58 ± 0.01b*
summ.za2 0.37 ± 0.01a 0.49 ± 0.18a 0.60 ± 0.33a 0.83 ± 0.7a NA NA NA NA

pH in H2O

cdcr.us 5.27 ± 0.09b 4.70 ± 0.17a 5.27 ± 0.10b 4.84 ± 0.10a 5.36 ± 0.10b 5.17 ± 0.19ab* 5.45 ± 0.23b 4.96 ± 0.23a
cbgb.us 5.73 ± 0.50a 5.68 ± 0.72a 5.86 ± 0.47a 5.72 ± 0.43a 5.40 ± 0.66a 5.56 ± 0.92a 5.58 ± 0.79a 5.34 ± 0.63a
hero.uk 5.12 ± 0.21a 5.18 ± 0.11a 5.08 ± 0.08a 5.09 ± 0.15a 5.24 ± 0.30a 5.30 ± 0.09a 5.20 ± 0.15a 5.22 ± 0.10a
rook.uk 3.76 ± 0.04a 3.78 ± 0.02a 3.91 ± 0.02a 3.87 ± 0.03a 4.10 ± 0.13a* 4.08 ± 0.09a* 4.12 ± 0.10a* 4.06 ± 0.06a*
ukul.za 5.89 ± 0.08a 5.58 ± 0.42a 5.94 ± 0.09a 5.63 ± 0.11a 5.83 ± 0.10a 5.79 ± 0.33a 5.72 ± 0.16a 5.62 ± 0.16a
summ.za2 5.20 ± 0.04a 5.03 ± 0.09a 5.01 ± 0.12a 4.97 ± 0.13a NA NA NA NA

1 Data were LOG10 transformed
2 One-Way ANOVA and Tukey test were performed
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Table 3: Dissolved organic carbon (DOC), dissolved nitrogen (DN), molar DOC:DN ratio, dissolved inorganic phosphorus (DIP), and microbial biomass
carbon (MBC) in 0 15 and 15-30 cm depth in the sampled soils. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth. Numbers
depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters indicate
significant differences between treatments separately tested for each site and depth increment. Asterisks indicate significant differences between depth
increments separately tested for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

DOC

(mg C kg−1 )

ukul.za 115 ± 7a 108 ± 15a 127 ± 6a 152 ± 34a 127 ± 33a 201 ± 52ab* 238 ± 14b* 217 ± 66b*
summ.za1 98 ± 3a 98 ± 9a 102 ± 10a 100 ± 1a NA NA NA NA
cdcr.us 15 ± 0.4a 20 ± 4.8b 20 ± 1.1b 24 ± 2.6b 11 ± 0.6a 12 ± 2.0a* 12 ± 0.3a* 15 ± 1.3a*
cbgb.us 18 ± 2.7a 22 ± 4.1a 18 ± 2.1a 22 ± 1.6a 15 ± 1.6a 22 ± 3.4a 20 ± 5.6a 20 ± 1.6a
rook.uk 23 ± 2.7a 29 ± 7.5ab 44 ± 8.3c 36 ± 3.5bc 15 ± 1.5a 16 ± 3.1a* 19 ± 1.0a* 18 ± 1.0a*
hero.uk 29 ± 2.6a 30 ± 3.4a 36 ± 1.2ab 40 ± 4.1b 19 ± 1.2a* 22 ± 4.2a* 23 ± 3.0a* 25 ± 3.9a*

DN

(mg N kg−1 )

ukul.za 7.3 ± 0.3a 43.2 ± 11.2b 9.9 ± 5.0a 34.4 ± 5.7b 5.5 ± 1.1a 17.3 ± 4.9ab* 14.1 ± 3.3ab 19.5 ± 5.3b*
summ.za1 5.0 ± 0.1a 19.8 ± 5.0b 5.1 ± 0.2a 15.9 ± 3.1b NA NA NA NA
cdcr.us2 3.2 ± 4.4a 32.9 ± 15.6b 2.7 ± 2.1a 13.4 ± 2.9b 1.8 ± 1.5a 10.0 ± 1.0b 2.1 ± 1.5a 7.0 ± 2.1ab
cbgb.us 4.1 ± 3.1a 12.0 ± 1.4b 4.7 ± 1.9a 12.1 ± 3.9b 2.6 ± 2.2a 5.0 ± 2.8a* 2.9 ± 1.1a 4.8 ± 2.1a*
rook.uk 14.2 ± 2.7ab 14.7 ± 3.2b 10.9 ± 0.4ab 10.3 ± 1.2a 4.2 ± 2.4a* 3.8 ± 1.0a* 2.9 ± 0.8a* 4.0 ± 0.8a*
hero.uk 12.9 ± 3.6a 17.1 ± 3.9a 11.1 ± 3.5a 14.6 ± 8.7a 9.7 ± 3.8a 10.3 ± 0.8a 11.9 ± 4.4a 8.9 ± 3.2a

DOC:DN ratio

ukul.za 18.2 ± 0.7b 3.0 ± 0.5a 17.8 ± 7.3b 5.3 ± 1.2a 27.0 ± 1.5b* 14.8 ± 5.5a* 20.3 ± 3.5ab 13.0 ± 1.4a*
summ.za1 22.9 ± 0.6b 6.0 ± 1.1a 23.2 ± 1.6b 7.5 ± 1.2a NA NA NA NA
cdcr.us3 18.1 ± 11.3b 0.8 ± 0.1a 12.0 ± 6.1b 2.1 ± 0.2a 10.9 ± 3.3b 1.4 ± 0.1a* 9.6 ± 4.7b 2.7 ± 0.6ab
cbgb.us 10.8 ± 3.0b 2.1 ± 0.2a 4.9 ± 1.5ab 2.3 ± 0.6a 10.0 ± 4.7a 5.9 ± 1.6a 8.8 ± 3.5a 5.6 ± 1.9a
rook.uk2 2.0 ± 0.5a 2.3 ± 0.3ab 4.6 ± 0.6c 4.0 ± 0.1bc 5.1 ± 1.9a* 4.8 ± 0.2a* 8.1 ± 1.7a* 5.4 ± 1.1a
hero.uk 2.7 ± 0.4a 2.1 ± 0.3a 4.0 ± 1.1a 4.2 ± 2.3a 2.6 ± 1.0a 2.5 ± 0.2a 2.5 ± 0.6a 3.5 ± 0.7a

DIP

(mg P kg−1 )

ukul.za2 0.10 ± 0.07a 0.12 ± 0.04a 1.43 ± 0.19b 1.10 ± 0.25b 0.13 ± 0.05a 0.05 ± 0.05a* 2.09 ± 1.58b 0.92 ± 0.24b
summ.za1,2 0.05 ±0.04a 0.10 ± 0.02ab 0.25 ± 0.09b 0.27 ± 0.12b NA NA NA NA
cdcr.us2 0.16 ± 0.12a 0.13 ± 0.06a 13.37 ± 2.76b 12.29 ± 3.55b 0.06 ± 0.03a* 0.04 ± 0.01a* 4.19 ± 0.55b* 5.01 ± 0.89b*
cbgb.us2 0.37 ± 0.08a 0.25 ± 0.19a 7.67 ± 1.23b 11.1 ± 3.18b 0.13 ± 0.08a* 0.11 ± 0.05a 7.02 ± 3.11b 6.96 ± 1.91b
rook.uk2 0.02 ± 0.01a 0.03 ± 0.01a 1.25 ± 0.88b 1.22 ± 1.20b 0.02 ± 0.01a 0.02 ± 0.01a 0.04 ± 0.03a* 0.06 ± 0.02a*
hero.uk2 0.04 ± 0.01a 0.04 ± 0.01a 1.64 ± 0.85b 1.15 ± 0.72b 0.02 ± 0.01a* 0.03 ± 0.01ab 0.04 ± 0.01ab* 0.06 ± 0.01b*

MBC

(mg C kg−1 )

ukul.za 1005 ± 134a 767 ± 196a 819 ± 157a 852 ± 71a 488 ± 93a* 444 ± 85a* 502 ± 113a* 549 ± 66a*
summ.za1 843 ± 133a 769 ± 111a 928 ± 278a 699 ± 16a NA NA NA NA
cdcr.us 163 ± 63a 235 ± 44a 193 ± 9a 169 ± 99a 119 ± 103a 100 ± 47a* 46 ± 31a* 134 ± 124a
cbgb.us 175 ± 61a 121 ± 23a 168 ± 51a 148 ± 100a 61 ± 15a* 119 ± 35a 69 ± 43a 142 ± 118a
rook.uk 651 ± 35a 588 ± 49a 507 ± 210a 746 ± 88a 351 ± 46a* 317 ± 94a* 248 ± 176a* 342 ± 248a*
hero.uk 662 ± 116a 603 ± 70a 638 ± 51a 591 ± 85a 526 ± 8b 363 ± 61ab* 298 ± 73a* 352 ± 76ab*

1 One-Way ANOVA and Tukey test were performed
2 Data were LOG10 transformed
3 Data were reciprocally transformed (1/x)
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Figure 1: Effect of nutrient addition (N, P, NP) on (a, b) microbial carbon use efficiency (CUE)
and (c, d) microbial biomass turnover across all six sites in (a, c) 0-15 cm depth and (b, d)
15-30 cm depth. The vertical intercept (position zero) corresponds to the control. Linear mixed-
effects models were calculated with treatment as fixed factor and random intercepts for site
(n=18 in 0-15 cm depth and n=15 in 15-30 cm depth). Dots represent the mean value of the
model predictor while error bars represent the range of 95% confidence intervals. Predictors are
considered significant, if error bars do not overlap with zero, indicated by asterisks (* significant
at p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001). Model predictors display
original data in panel a and b and transformed data in panel c and d.

2.1.3.4 Microbial biomass carbon, nitrogen, and microbial community structure

Mean microbial biomass C concentrations in the topsoil of all treatments ranged between
156 mg kg soil−1 at a site in the USA and 848 mg kg soil−1 at a South African site (Table
2). Nutrient addition did not significantly change microbial biomass C in either depth
increment at any of the sites compared to the control. Mean molar microbial biomass
C:N ratios across all sites did not change in response to nutrient addition at either depth
(Figure S3). Similarly, the bacterial and fungal communities of all sites were significantly
different from each other (Figure S4), except for the bacterial communities of Cedar Creek
and Rookery and the fungal communities of the two South African sites. Neither the
bacterial nor the fungal community differed among nutrient addition treatments at each
site (data not shown) and across all sites (Figure S5).
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Figure 2: Mean (a) carbon use efficiency (CUE) and (b) microbial biomass turnover time of all
treatments at six grassland sites in two soil depth increments across all treatments. Error bars
indicate standard deviations (n = 12). Upper-case letters indicate significant differences between
sites tested separately for 0-15 cm depth. Lower-case letters indicate significant differences
between sites tested separately for 15-30 cm depth. Asterisks indicate significant differences
between both depth increments tested separately for each site.
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Figure 3: Linear mixed-effects model of (a) carbon use efficiency (CUE) in all treatments and
(b) CUE in the control at all six grassland sites in 0-15 cm depth. Measured CUE is shown
on the x-axis and predicted CUE is shown on the y-axis. Best model predictors were sand
content, mean annual precipitation, dissolved organic carbon-to-dissolved nitrogen ratio, and
mean annual temperature (Table S3). The linear mixed-effects model was calculated after multi-
model selection. R² was calculated as conditional R² according to (2013), the standard line is
dashed (intercept = 0, slope = 1), and the fitted line of the model is solid.

2.1.3.5 Microbial respiration, growth, and C uptake

Soil microbial respiration declined significantly in response to N addition by -23% ac-
cording to the estimated predictor of the linear mixed-effects model in the topsoils across
all six grassland sites (Figure 5a). Addition of P and NP did not change mean topsoil
microbial respiration. Additionally, microbial growth (Fig 5c, d) did not change in re-
sponse to nutrient addition. Topsoil C uptake was significantly lower under N addition
(-14%) than in the control and P addition treatments across all soils (Figure 5e). In the
second depth increment, C uptake did not change significantly in response to nutrient
addition (Figure 5f).

Microbial respiration in the topsoil across all treatments was highest at the two sites in
South Africa and at one site in the UK (Figure 6a). Microbial growth in the topsoil was
lowest at a site in the USA and highest at a South African site (Figure 6b). Microbial
growth and respiration were positively correlated (R2 = 0.45, p < 0.001, Figure S2).
Further, microbial C uptake (the sum of growth and respiration) was smallest at the
sites in the USA. C uptake was highest at a site in South Africa (Figure 6c). Microbial
respiration, growth, and C uptake of all treatments were significantly higher in topsoils
compared to subsoils (Figure 6).
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Figure 4: Correlation of (a) beta-glucosidase (BG) activity, (b) leucine-aminopeptidase (LAP)
activity, (c) N-acetylglucosaminidase (NAG) activity, and (d) phosphatase (Pase) activity per
unit microbial biomass carbon (MBC) with microbial carbon use efficiency (CUE) in 0-15 cm
depth in the control treatments. BG, LAP, and NAG activities were sqrt-transformed to achieve
normal distribution before running the correlation analyses.
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Figure 5: Effect of nutrient addition (N, P, NP) on (a, b) soil microbial respiration, (c, d)
microbial growth, and (e, f) microbial C uptake across all six sites in (a, c, e) 0-15 cm depth
and (b, d, f) 15-30 cm depth. Linear mixed-effects models were calculated with treatment as
fixed and site intercepts as random factor (n=18 in 0-15 cm depth and n=15 in 15-30 cm depth).
Dots represent the mean value of the model predictor while error bars represent the range of 95%
confidence intervals. Predictors are considered significant, if error bars do not overlap with zero,
indicated by asterisks (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p <
0.001). The vertical intercept (position zero) corresponds to the control. Significant differences
between treatments (N, P, and NP) are indicated by lower-case letters at the right side of the
subplot. Model predictors display original data in panel b, c, d, and e and transformed data in
panel a and f.
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Figure 6: Mean (a) microbial respiration, (b) growth, and (c) carbon (C) uptake of all treatments
at the six sites in two depth increments. Error bars indicate standard deviations (n = 12).
Upper-case letters indicate significant differences between sites tested separately for 0-15 cm
depth. Lower-case letters indicate significant differences between sites tested separately for 15-
30 cm depth. Asterisks indicate significant differences between both depth increments tested
separately for each site.
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2.1.4 Discussion

2.1.4.1 Microbial carbon use efficiency robust to nutrient addition

We found that soil microorganisms across all sites invested 40% of the C they took up
into growth (mean CUE of 40%), which is close to CUE estimates based on kinetic and
metabolic considerations (Sinsabaugh et al., 2013). Several studies found similar results
based on the same method used here with mean soil microbial CUE ranging between 25
and 45% (Spohn et al., 2016a; Spohn et al., 2016b; Walker et al., 2018; Poeplau et al.,
2019; Zheng et al., 2019).
Our finding that soil microbial CUE was not affected by changes in nutrient supply

contrasts previous studies that found increases in CUE under N addition (Ziegler and
Billings, 2011; Spohn et al., 2016b; Poeplau et al., 2019). However, our findings are in line
with Riggs and Hobbie (2016) reporting that N addition did not increase soil microbial
CUE in three North American grassland soils. Similarly, Lee and Schmidt (2014) found
no change in microbial CUE due to N-amendment in a cropland soil.

2.1.4.2 Microbial respiration and growth under nutrient addition

We found that microorganisms regulated both respiration and growth similarly (Fig-
ure S2), explaining the unresponsiveness of CUE to increased N availability. Our data
suggest that microbes did not uncouple respiration from growth (performing overflow
respiration) in response to nutrient addition. Overflow respiration, i.e. the disposal of
C, has been very critically discussed recently, and seems rather unlikely to occur un-
der natural conditions (Hessen and Anderson, 2008; Spohn, 2015). Soil microbes are
most commonly C limited in most mineral soils (Alden et al., 2001; Demoling et al.,
2007; Heuck et al., 2015) and, in case C is available in excess, it could be stored or
used to establish defense mechanisms or symbiosis (Hessen and Anderson, 2008). Fur-
ther, a strong increase in microbial growth at the expense of respiration is unlikely to
occur because microorganisms need to uphold maintenance respiration and respiration
to support anabolic energy requirements for biosynthesis (Geyer et al., 2016) to enable
cellular functioning and growth. Hence, our work indicates that respiration and growth
of the microbial community under nutrient addition may be coupled more tightly than
previously thought (Mooshammer et al., 2014; Manzoni et al., 2017) leading to unaltered
CUE.
Addition of N to soil reduced both microbial respiration and C uptake (Figure 5).

Reduced microbial respiration under N addition was found before (Söderström et al.,
1983; Treseder, 2008; Rousk et al., 2011; Zhou et al., 2014) and there might be several
mechanisms leading to this effect. First, a high availability of inorganic N has been
shown to inhibit oxidative enzymes, which hinders microbial C uptake because complex
C compounds are decomposed more slowly (Fog, 1988; Carreiro et al., 2000; Sinsabaugh,
2010). Consequently, the amount of internally processed C is reduced, affecting both
respiration and growth (Saiya-Cork et al., 2002; Sinsabaugh, 2010). Second, high N
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availability might intermittently prevent microbes from decomposing soil organic matter,
when mining organic matter for N (Moorhead and Sinsabaugh, 2006; Craine et al., 2007).
Third, abundant inorganic N can lead to soil acidification, which can reduce microbial
biomass (Riggs and Hobbie, 2016; Schleuss et al., 2019) and change microbial community
composition (Treseder, 2008; Rousk et al., 2011), both of which can be associated with
reduced microbial respiration. However, here, nutrient addition only led to changes in
soil pH at a single grassland site (Table 2) and did not alter microbial biomass (Table 3)
and bacterial and fungal community composition. Therefore, the decreased respiration
and C uptake in response to N addition observed here is more likely caused by the
inhibition of oxidative enzymes combined with reduced N mining by soil microbes. Since
microbial growth, soil microbial CUE, and soil microbial biomass turnover time were not
significantly changed by N addition, also microbial biomass C concentrations did not
decrease under N addition (Table 3).

Our finding that P addition did not have a significant effect on all variables considered
(Figure 1, 5) indicates that P is not critical for microbial C processing across this broad
range of grassland sites. Although P addition significantly increased soil DOC concen-
trations in two out of six sites, probably due to increased plant litter inputs (Elser et al.,
2007) or desorption of organic compounds from the soil solid phase (Spohn and Schleuss,
2019), it did not influence CUE. However, P addition in combination with N mitigated
the effect on microbial respiration and C uptake found in response to single N addition.
A reason for this might be that addition of P in combination with N leads to microbial
immobilization of N, which prevents N from inhibiting oxidative enzymes. Our findings
are in accordance with previous work showing that the addition of P in combination with
N counteracted the effect of N addition on soil C sequestration (Fornara et al., 2013).
Further, the relative abundance of microbial genes associated with metabolism strongly
decreased with N addition, but P added in combination with N attenuated this effect
(Leff et al., 2015).

2.1.4.3 Substrate stoichiometry and microbial CUE

Our finding that soil microbial CUE and the DOC:DN ratio were negatively correlated
(Figure 3) indicates that the availability of organic C relative to N is a key factor shaping
CUE. Soil DOC:DN ratios mostly exceed C:N ratios of the microbial biomass (Moosham-
mer et al., 2014; Spohn, 2016), forcing microbes to adapt their foraging strategies to the
available substrate in order to maintain their biomass C:N stoichiometry (Sinsabaugh
et al., 2013). The microbial biomass has a relatively constrained C:N stoichiometry
(Cleveland and Liptzin, 2007; Xu et al., 2013) and maintains its biomass stoichiometry
independent of the stoichiometry of its environment, which was also confirmed in our
study. Consequently, as the DOC:DN ratio approaches that of microbial biomass, less C
and energy needs to be invested by soil microbes into nutrient acquisition to compensate
for stoichiometrically imbalanced substrates, and thus CUE increases. Our data demon-
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strate that the relationship between soil microbial CUE and DOC:DN ratios assumed in
models (Sinsabaugh et al., 2013; Sinsabaugh et al., 2016; Manzoni et al., 2017) holds true
across grasslands spanning a wide range of locations and conditions, but was unaffected
by nutrient addition.

2.1.4.4 Enzyme activities and microbial CUE

Extracellular enzyme activities are commonly interpreted as indicators of microbial nu-
trient demand as they mediate nutrient acquisition from organic matter (Sinsabaugh et
al., 2008; Schimel and Weintraub, 2003). It has been proposed that if DOC:DN ra-
tios are large, microorganisms invest into nutrient acquisition, which reduces microbial
CUE. Vice versa, high nutrient availability reduces the energy investment of microbial
communities into nutrient acquisition via the production of extracellular enzymes, and
therefore increases their CUE (Manzoni et al., 2012; Sinsabaugh et al., 2016; Spohn et
al., 2016b). However, the relationship between microbial CUE and extracellular enzymes
has rarely been studied. Our finding that LAP and NAG activities per unit microbial
biomass C were negatively correlated with CUE (Figure 4b, c) confirms this concept.
In addition, our findings show that microbial CUE was negatively correlated with BG
activity (Figure 4a), indicating that microorganisms do not only produce more nutrient
acquiring enzymes, but also invest more into C acquisition when they run at low CUE.
If microorganisms are well supplied with C and nutrients, they do not need to invest
into C- and N-acquiring enzymes, and thus microbial CUE increases. In contrast, under
C and nutrient deficiency, they invest into C- and N-acquiring enzymes, and thus soil
microbial CUE is decreased. In contrast, phosphatase activity was not related to CUE
(Figure 4d), which confirms our finding that P alone was not critical for microbial C
processing in the studied soils (Figure 1, 5). The negative correlations between CUE
and DOC:DN ratios and CUE and enzyme activities could point to a positive correlation
of DN concentrations and N-acquiring enzyme activities. However, the correlations be-
tween DOC:DN ratios and N-acquiring enzymes were mainly driven by changes in DOC
rather than DN concentrations. A global meta-analysis confirms the relation of increas-
ing hydrolytic enzyme activities with soil organic matter concentrations (Sinsabaugh et
al., 2008).

2.1.4.5 Environmental conditions and microbial CUE

Besides substrate stoichiometry, climatic variables and soil texture were related to soil
microbial CUE (Figure 3). A negative relationship between MAP and CUE (Figure
3) was similarly reported by Takriti et al. (2018) and Herron et al. (2009). Further,
CUE increased with MAT (Figure 3) as found previously (Zheng et al., 2019), which can
be explained by increased microbial growth but constant maintenance respiration under
higher temperatures. The positive relationship between CUE and sand content (Figure 3)
is consistent with previous work suggesting that soil texture may influence CUE (Zheng
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et al., 2019). A high clay content could negatively influence CUE because it reduces
the accessibility of C and nutrients to microbes due to sorption and soil aggregation
(Mikutta et al., 2006; Cotrufo et al., 2013). Further, it needs to be considered that the
nutrient addition treatments had variable effects on nutrient availability in the different
soils. Taken together, our study suggests that changes in climatic conditions may impact
soil microbial CUE due to its dependence on MAT and MAP.

2.1.4.6 Microbial biomass turnover time

Our finding that microbial biomass turnover was not affected by nutrient addition is
confirmed by another study that also observed no change in turnover time with nutrient
addition (Spohn et al., 2016b). We found that mean microbial biomass turnover time was
122 days (Figure 2), which is in the range of previously reported microbial turnover times
(Kouno et al., 2002; Perelo and Munch, 2005; Cheng, 2009; Spohn et al., 2016a; Spohn
et al., 2016b). The effect of a low microbial C uptake rate on soil microbial biomass
can be compensated either by high CUE or by long turnover time (Spohn et al., 2016a).
We found that a reduced microbial C uptake, as found in the soils in the USA (Figure
6), was accompanied by a relatively long microbial turnover time (Figure 2). Similarly,
low microbial C uptake due to reduced C availability was mirrored by relatively long
turnover times in forest soils (Spohn et al., 2016a), showing that microbial communities
exhibiting slow turnover rates have low C uptake rates.

2.1.4.7 Conclusion

Here we showed that soil microbial CUE was not affected by changes in N and P supply in
six grassland soils, representing widely differing biotic and abiotic conditions, in contrast
to our first hypothesis. Soil microbial respiration and growth decreased similarly in
response to N addition, which explains the non-responsiveness of soil microbial CUE to
N addition. Microbial CUE across all sites was negatively related to the DOC:DN ratio,
confirming our second hypothesis. Together, the DOC:DN ratio, sand content, MAP,
and MAT explained 70% of the variability in CUE across all six sites, suggesting that
climate is likely to be an important predictor of soil microbial CUE. Neither N nor P
addition changed microbial biomass turnover time, in contrast to our third hypothesis.
Taken together, the study demonstrates that high N inputs to grassland soils decreased
microbial respiration and C uptake but did not significantly affect soil microbial CUE.
Thus, our finding that microbial growth and respiration are homeostatically coupled with
respect to nutrient additions is validating assumptions of constant soil microbial CUE in
most Earth system models.
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Supporting Information

Table S1: Soil microbial carbon use efficiency (CUE), soil microbial turnover time, microbial respiration and growth in 0-15 and 15-30 cm soil depth in
the control, N, P, and NP treatment at the six grassland sites. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth because of
limited soil depth. Numbers depict means ± standard deviations (n=3). One-way ANOVA was conducted followed by Tukey test for multiple comparisons.
Lower-case letters indicate significant differences between treatments tested separately for each site and depth increment.

CUE 0-15 cm depth CUE 15-30 cm depth
Estimate Std. Error p-value Estimate Std. Error p-value

(Intercept) 38.57 4.53 <0.001 Intercept 42.87 4.97 <0.001
N 2.06 2.29 0.37 N -0.48 3.97 0.91
P 0.78 2.29 0.73 P -0.48 3.97 0.90
Interaction (N*P) -3.16 3.24 0.33 Interaction (N*P) -3.58 5.62 0.53

87



2.1
Study

I
-

C
partitioning

Table S2: Soil microbial carbon use efficiency (CUE) as affected by N and P addition and their interaction. Linear mixed-effects models were calculated
with treatments split into two main factors (N addition with levels 0 or 1 and P addition with levels 0 or 1) and their interaction.

0-15 15-30
Site Ctrl +N +P +NP Ctrl +N +P +NP

CUE

(%)

cdcr.us 21.02 ± 6.91a 23.97 ± 8.53a 29.23 ± 11.76a 25.93 ± 2.91a 29.73 ± 9.25a 36.12 ± 16.16a 31.60 ± 8.71a 17.52 ± 0.88a
cbgb.us 33.30 ± 5.27a 39.48 ± 4.60a 40.79 ± 3.50a 41.72 ± 1.49a 46.49 ± 17.25a 35.03 ± 10.22a 35.01 ± 16.93a 42.17 ± 3.76a
rook.uk 56.30 ± 3.75a 51.74 ± 8.94a 49.39 ± 5.96a 45.16 ± 7.21a 50.56 ± 7.99a 46.24 ± 4.31a 43.58 ± 4.10a 43.05 ± 3.92a
hero.uk 44.42 ± 1.62a 48.37 ± 1.95a 47.42 ± 3.91a 45.15 ± 3.97a 53.21 ± 4.28a 58.22 ± 2.08a 62.02 ± 5.80a 52.99 ± 7.37a
ukul.za 27.91 ± 6.64a 25.04 ± 1.19a 27.79 ± 5.52a 24.07 ± 4.51a 34.35 ± 11.40a 36.35 ± 8.05a 39.74 ± 10.65a 35.93 ± 6.20a
summ.za 48.48 ± 4.60a 55.16 ± 5.96a 41.51 ± 2.07a 47.46 ± 5.86a NA NA NA NA

Turnover time

(d)

cdcr.us 152.89 ± 20.98a 145.06 ± 27.99a 93.89 ± 20.88a 185.61 ± 43.49a 128.18 ± 4.16a 218.46 ± 136.90a 123.32 ± 4.02a 292.15 ± 87.49a
cbgb.us 132.16 ± 12.66a 118.28 ± 33.54a 86.20 ± 22.50a 95.19 ± 12.06a 189.40 ± 32.57a 176.46 ± 54.82a 206.48 ± 103.24a 105.38 ± 46.64a
rook.uk 59.67 ± 10.37a 85.16 ± 3.71a 96.87 ± 27.02a 63.93 ± 12.12a 35.00 ± 9.01a 58.93 ± 19.09a 75.45 ± 9.02a 74.84 ± 25.17a
hero.uk 52.68 ± 19.02a 40.27 ± 6.39a 48.56 ± 10.83a 74.37 ± 13.33a 74.28 ± 13.68a 53.94 ± 19.61a 51.54 ± 3.44a 73.87 ± 13.70a
ukul.za 247.41 ± 11.93a 213.64 ± 40.33a 207.41 ± 57.76a 136.12 ± 79.13a 213.88 ± 143.60a 129.84 ± 23.88a 186.31 ± 56.74a 194.11 ± 57.31a
summ.za 81.99 ± 21.12a 74.30 ± 9.55a 112.39 ± 27.27a 109.47 ± 10.60a NA NA NA NA

Respiration

(ng CO2-C g soil−1 h−1)

cdcr.us 346.03 ± 126.25a 239.58 ± 77.78a 278.61 ± 165.43a 167.24 ± 75.00a 96.80 ± 35.42a 61.62 ± 13.95a 82.02 ± 31.98a 91.21 ± 19.45a
cbgb.us 140.69 ± 10.27a 142.92 ± 19.21a 139.72 ± 19.35a 147.97 ± 24.04a 45.23 ± 16.29a 80.56 ± 29.77a 64.06 ± 7.40a 47.97 ± 19.04a
rook.uk 164.23 ± 13.80b 183.60 ± 42.17ab 184.24 ± 18.90ab 257.59 ± 22.47a 93.01 ± 8.04a 103.39 ± 4.57a 110.24 ± 15.05a 101.43 ± 9.09a
hero.uk 378.49 ± 37.18a 321.47 ± 24.70a 391.17 ± 49.41a 384.33 ± 58.69a 135.63 ± 27.11a 113.75 ± 11.67a 102.41 ± 8.65a 119.38 ± 12.12a
ukul.za 415.50 ± 131.65a 328.15 ± 31.79a 471.92 ± 155.57a 413.75 ± 17.33a 202.34 ± 40.35a 196.87 ± 40.48a 198.11 ± 47.43a 202.00 ± 33.84a
summ.za 471.19 ± 63.74a 327.46 ± 46.51a 491.19 ± 45.13a 327.24 ± 66.20a NA NA NA NA

Growth

(ng C g soil−1 h−1)

cdcr.us 81.08 ± 5.17a 74.26 ± 28.63a 89.17 ± 12.26a 57.21 ± 21.51a 36.77 ± 6.65a 42.16 ± 26.44a 34.23 ± 3.57a 19.38 ± 4.30a
cbgb.us 71.16 ± 16.26a 93.08 ± 13.15a 97.96 ± 22.51a 107.13 ± 22.91a 38.14 ± 12.26a 43.78 ± 19.00a 41.23 ± 29.73a 37.17 ± 19.04a
rook.uk 213.78 ± 34.02a 195.06 ± 34.38a 180.68 ± 26.25a 215.56 ± 47.92a 97.45 ± 22.46a 89.92 ± 14.14a 84.23 ± 2.14a 76.52 ± 6.66a
hero.uk 302.97 ± 35.77a 303.81 ± 44.78a 351.03 ± 30.96a 312.55 ± 14.66a 151.88 ± 12.72a 158.12 ± 10.97a 170.47 ± 30.02a 137.11 ± 28.20a
ukul.za 149.34 ± 8.02a 109.31 ± 8.20a 170.07 ± 24.08a 132.45 ± 29.77a 104.88 ± 32.24a 109.56 ± 17.68a 128.51 ± 33.59a 111.71 ± 15.08a
summ.za 444.05 ± 62.92a 402.32 ± 45.22ab 350.30 ± 46.36ab 291.03 ± 31.03b NA NA NA NA
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Table 3: Regression coefficients (sand content, mean annual precipitation (MAP), dissolved
organic carbon-to-dissolved nitrogen (DOC:DN) ratio, and mean annual temperature (MAT)),
R², intercept, and slope of the linear mixed-effects model of microbial carbon use efficiency
(CUE) of all treatments in 0-15 cm depth. Regression coefficients were selected by multi-model
selection. R² is the conditional R² according to Nakagawa and Schielzeth (2013). Estimation,
standard error, and p-value of each standardized regression coefficient are displayed.

Linear mixed-effects model of CUE of all treatments
Coefficients Estimation Std. error p-value

(Intercept) 39.20 1.00 <0.001
Sand 30.01 4.21 <0.001
MAP -11.94 2.12 <0.001
DOC:DN ratio -6.82 2.14 0.001
MAT 33.52 4.40 <0.001

R² 0.70
Intercept 7.43
Slope 0.80

Figure S1: Correlation of molar dissolved organic carbon-to-dissolved nitrogen ratio and soil
microbial carbon use efficiency (CUE) in the topsoils of the control plots of all sites with a soil
depth > 20 cm.
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Figure S2: Correlation of microbial growth and microbial respiration across all soils, treatments,
and soil depths. Prior to correlation analysis, microbial growth and respiration data were log-
transformed to achieve normal distribution.

Figure S3: Molar microbial biomass carbon-to-nitrogen ratio (MBC:MBN) in (a) 0-15 cm depth
and (b) 15-30 cm depth in the control, N, P, and NP treatments across all six sites. Subsoil
MBC:MBN ratios of one site (rook.uk) were excluded, because MBN values were below detection
limit.
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Figure S4: Community composition of (a) bacteria and (b) fungi shown via non-metric multi-
dimensional scaling (nMDS) based on ARISA analyses of topsoils of all six sites. One-way
ANOSIM with 999 permutations was used to test if microbial communities at the different sites
differ significantly from each other.
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Figure S5: Effect of nutrient addition on (a) bacterial community composition and (b) fun-
gal community composition shown via non-metric multi-dimensional scaling (nMDS) based on
ARISA analyses of topsoils of all six sites. One-way ANOSIM with 999 permutations was used
to test for significant effects of nutrient addition.
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2.2 Study II - P turnover time

Abstract

Adjustment of the mean residence time (MRT) of elements in the soil microbial biomass
(SMB) might be an important process by which microbial communities adapt to nutrient-
poor environments and maintain their element biomass ratio. Yet, little is known about
the turnover of elements such as carbon (C) and phosphorus (P) in the SMB, which is
partly due to methodological challenges. This is the first study to determine the MRT
of C and P in SMB based on labeling of microbial DNA with 14C and 33P. We studied
the MRT of C and P in the SMB of topsoil from a temperate, mesic grassland fertilized
with five different amounts of P. For this purpose, soil was labeled with 14C-glucose
and 33P-phosphate and incubated for 24 h, and then, 14C and 33P in the soil microbial
DNA were determined. The MRT of C and P was calculated based on the C and P
content of DNA, and the observation that soil microbial biomass C and microbial DNA
are linearly correlated. The SMB-C and the MRT of C in the SMB were not affected by P
availability, whereas the microbial community significantly increased the MRT of P in its
biomass from 18.1 to 39.0 days with decreasing P availability. Our results indicate that
the adjustment of the MRT of individual elements in the SMB is an important process
by which microbes adapt to nutrient poor environments and are able to maintain their
biomass element ratio when decomposing substrate with a very high C-to-nutrient ratio.

2.2.1 Introduction

Microorganisms can immobilize large amounts of nutrients in their biomass, which strongly
affects the concentrations of plant available nutrients (Van der Heijden et al., 2008;
Richardson et al., 2009). While there are many publications dealing with soil microbial
biomass C, N and P, and biomass stoichiometry (for reviews see Cleveland and Liptzin,
2007; Xu et al., 2013), very little is known about the mean residence time (turnover
time) of individual elements in the microbial biomass, and how it changes with element
availability (Spohn, 2016).
The mean residence time (MRT) of an element in the microbial biomass likely in-

creases with decreasing availability of the element (Oberson and Joner, 2005; Kaiser et
al., 2014; Spohn, 2016), similar to the MRT of nutrients in plants (Aerts and Chapin,
2000). The reason for this seems to be that the efficiency of internal element recycling
by microorganisms increases with decreasing element availability. This might be impor-
tant especially during the decomposition of nutrient-poor substrates as for example dead
wood and forest litter, in which the C-to-nutrient ratios exceed by far the C-to-nutrient
ratios of the microbial biomass (Spohn, 2016). In an arable soil of the temperate zone,
C in the microbial biomass had a MRT of 82-95 days, while P had a MRT of 37-42 days
(Kouno et al., 2002), indicating that C was more efficiently retained in the microbial
biomass than P. This finding is in accordance with the generally observed C limitation
of microorganisms in mineral soil (De Nobili et al., 2001; Demoling et al., 2007). Cheng
(2009) reported MRTs of the microbial biomass C of 48 and 35 days in planted soils, and
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97 days in unplanted soils, suggesting that the presence of roots stimulated the turnover
of microbial biomass C, likely due to the release of exudates, i.e. easily available C.
Other studies on P in the microbial biomass determined P based on labeling of soil with
33P in the field (McLaughlin et al., 1988; Oehl et al., 2001a). However, in these studies
the period of time between labeling and determination of the isotope in the microbial
biomass was very long, which likely led to an overestimation of the MRT.
So far, there is little reliable data on the MRT of individual elements in the microbial

biomass pool because of several methodological difficulties. Most studies that investi-
gated MRT of elements in the microbial biomass pool did so by tracing isotopes in the
microbial biomass based on the chloroform-fumigation-extraction method (Kouno et al.,
2002; Oberson and Joner, 2005). However, this method has the serious limitation that
it is a differential method (based on the difference between two samples), which leads
to relatively large errors because errors from the extraction of the two samples sum up.
Kouno et al. (2002) determined the turnover of C and P based on isotope dilution. For
this purpose, they labeled soil with 14C and 33P and determined the decrease in recovery
of the tracer in the SMB over several months. Besides the previously mentioned short-
comings, this approach likely leads to an overestimation of the MRTs of elements in the
SMB because once the tracer is in the soil, it might be constantly used for the build-up of
new SMB. Achat et al. (2010) determined the turnover of microbial biomass P in forest
soils combining an isotopic dilution method with a modelling approach. They found that
a large part of the microbial P turned over in just a few days. In contrast, when the
turnover time of microbial P was estimated from the seasonal fluctuations of microbial
P, it was found to range between 224 and 293 days (Liebisch et al., 2014). This compar-
atively longer time is most likely due to the approach used, which likely overestimates
the MRT.
The aim of this study was to overcome these methodological difficulties by determining

the MRT of C and P in the SMB based on short-term incubation and isotopic labeling of
microbial DNA. We hypothesized that microbes recycle an element more efficiently inter-
nally when little of the element is available than when it is highly available. Therefore,
the MRT of P but not of C in the SMB increases with decreasing P availability.

2.2.2 Material and Methods

2.2.2.1 Soil and experimental setup

We sampled the A horizon of a mesic grassland in the Botanical Garden of the University
of Bayreuth (49◦55’18 N, 11◦35’03 E). The soil is a Cambisol and the A horizon has the
following features: 14.1 g kg−1 total organic C, 1.0 g kg−1 total N, pH 4.5, and 0.32 mg
g−1 total P (extractable in 0.5 M H2SO4, determined by ICP OES).
The soil was sieved (<2000 mm), and all fine roots visible with the naked eye were

removed using a tweezer. In total 15 PE bottles received each 30.0 g of fresh soil, and

95



2.2 Study II - P turnover time

each represented one experimental unit. The water content was adjusted to 50% of the
water holding capacity in all bottles. Simultaneously, five different levels of P fertilizer
were added in the form of dissolved NaH2PO4 to reach P fertilization levels of 0, 20, 40,
60 and 80 mg P per g dry soil, each three times replicated. The fertilized soils were pre-
incubated for 19 days at 20 °C in order to allow the microbial biomass to adjust to the
altered P availability. Subsequently, two subsamples of each experimental unit (400 mg
of fresh soil corresponding to 337 mg dry mass) were each placed in a 2 ml screw caps and
were labeled with either 33P or 14C. For this purpose, 4 kBq 14C-U-glucose (Hartmann
Analytics) was added to one subsample (corresponding to 7.53 nmol C per g dry soil) and
20 kBq 33P-orthophosphate (Hartmann Analytics) to the other subsample (corresponding
to 0.52 pmol P per g dry soil), both dissolved in 50 ml milliporewater. It should be noted
that the amounts of P and C added were negligible, and 33P and 14C served only as a
tracer without affecting the C or P availability. The soils were further incubated for 24 h
at 20 °C, and subsequently they were frozen at -25 °C. This short incubation time after
addition of the label was chosen in order to prevent an underestimation of the rate of
DNA formation due to the decomposition of labeled DNA (see Discussion).

2.2.2.2 Analyses

The DNA was extracted from labeled samples using a DNA extraction kit (FastDNA™
SPIN Kit for Soil, MP Biomedicals) which, compared to other protocols, has been shown
to extract microbial DNA from soil with a high efficiency (Vishnivetskaya et al., 2014).
The cells in the soil samples were lysed by bead beating in the FastPrep Instrument for
40 s at a speed setting of 6.0. Soil particles, colloids and cell debris was sedimented by
centrifugation for 15 min at 14,000 x g. Subsequently, the supernatant was collected
and proteins were denatured by adding the protein precipitation solution, and were sed-
imented by centrifugation for 5 min at 14,000 x g. The resulting supernatant was gently
shaken for 2 min together with the binding matrix in order to allow the DNA to bind, and
subsequently, the total volume of the mix was loaded on a spin filter that was inserted
into a 2 ml cup. The DNA bound onto the matrix was washed with the washing solution
containing mostly ethanol. The matrix on the filter was centrifuged to remove residues of
the washing solution and air-dried. At last, the DNA was eluted from the binding matrix
in 200 ml DNase-free water. Our DNA extracts were transparent, indicating that no hu-
mic substances were co-extracted. However, this might be different when studying soils
that contain more humic substances, which might require washing the samples previous
to DNA extraction according to He et al. (2005). The weight of the DNA extract was
determined gravimetrically, and the DNA concentration in each extract was then deter-
mined fluorimetrically on a 5 ml aliquot of each extract by the picogreen assay (Sandaa et
al., 1998) using a kit (Quant-iT™ PicoGreen® dsDNA Reagent, Life Technologies). The
14C activity and the 33P activity were determined by a Perkin-Elmer scintillation counter
(Tri-Carb TR/SL 3180, Waltham, MA, USA) using scintillation cocktail (Rotiszint eco

96



2.2 Study II - P turnover time

plus, Roth, Karlsruhe, Germany), and the signal was corrected for radioactive decay.

Inorganic P (Pi) and organic C, as well as the 33P activity in the soil solution were
determined using a different subsample from each experimental unit. For this purpose,
400 mg of fresh soil (corresponding to 337 mg dry mass) of each experimental unit were
labeled with the same amount of 33P as the samples used for DNA-extraction (20 kBq)
and incubated at 20 °C. After 24 h, the soils were extracted in 20 ml distilled water by
placing them on a horizontal shaker for 20 min. Subsequently, the samples were filtered
through whatman filters. The concentration of Pi in the extracts was determined by
the molybdenum blue assay using a multiplate reader (Infinite® M200 PRO, Tecan).
The concentration of organic C in the water extracts was determined using a TOC/TN
analyzer (Multi N/C 2100S, Analytik Jena AG, Jena, Germany), and the 33P activity
was determined by a Perkin-Elmer scintillation counter (Tri-Carb TR/SL 3180, Waltham,
MA, USA) using scintillation cocktail (Rotiszint eco plus, Roth, Karlsruhe, Germany),
and the signal was corrected for radioactive decay. We assumed that all glucose added
to the soil was available for the microorganisms because glucose does not sorb to the
soil matrix (Fransson and Jones, 2007) and is quickly taken up by microorganisms. The
uptake of 14C glucose into the SMB is so fast (Gunina and Kuzyakov, 2015) that one
would strongly underestimate the bioavailability of 14C-glucose if assessed by 14C activity
in water extracts.

Soil microbial biomass C and P (SMB-C and SMB-P) concentrations were determined
by the chloroform fumigation extraction method (Brookes et al., 1982; Vance et al.,
1987). Exactly 4.0 g of fresh soil were fumigated with chloroform for 24 h. Dissolved P
was extracted from the fumigated and the non-fumigated soil in Bray-1 solution (0.03
M NH4F - 0.025 M HCl) following Khan and Joergensen (2012), and quantified by the
molybdenum blue assay using a multiplate reader (Infinite® M200 PRO, Tecan). A
conversion factor of 2.5 was used to calculate SMB-P (Brookes et al., 1982).

Dissolved C was extracted from the fumigated and the nonfumigated soil in 40 ml
0.5 M K2SO4 and measured using a TOC/ TN analyzer (Multi N/C 2100S, Analytik
Jena AG, Jena, Germany). A conversion factor of 2.22 was used to calculate SMB-C
(Joergensen, 1996).

2.2.2.3 Calculations and statistics

The MRTs of C and P were estimated from the MRTs of C and P in microbial DNA. The
amount of DNA-P formed from P in the soil solution taken up during 24 h was calculated
based on the total 33P incorporated into DNA during 24 h and the specific 33P activity
of the water extract as follows, assuming that the inorganic P (Pi) of the water extract
represents the bioavailable P:

DNA− P formed (µg) =
Total 33P in DNA (Bq)

Specific 33P activity (Bq (µg P )−1)
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where DNA-P formed is DNA-P formed from P taken up from the soil solution during
24 h.

The specific 33P activity of the water extractable P is defined as follows:

Specific 33P activity (Bq (µgP )−1) =
33Pwater extract (Bq (g soil)−1)

Pwater extract (µg (g soil)−1)

The specific 33P activity of water extractable P was determined at the end of the incu-
bation, i.e., 24 h after tracer addition. The specific 33P activity in the water extracts is
mostly affected by sorption of 33P to the soil matrix upon tracer addition. However, this
sorption would be largely complete within a few minutes after tracer addition (Oehl et
al., 2001b; Bünemann et al., 2007; Spohn et al., 2013; Bünemann, 2015 and references
therein). Therefore, we assume that the specific 33P activity of the water extractable
P determined after 24 h was representative for the specific 33P activity of the water
extractable P during most time of the incubation.

Calculating the total amount of C incorporated into DNA during incubation is more
complicated because, in contrast to inorganic P in the water extracts, we cannot assume
that all organic C in the water extract was bioavailable due to the recalcitrance of many
substances. Therefore, we calculated three different scenarios for the incorporation of
total C into DNA based on the assumptions that 15, 10 or 5% of the organic C in the
water extracts were bioavailable, and hence were taken up with the same probability as
the 14C. The specific 14C activity of the available C was calculated for the three scenarios
under the assumption that all 14C-glucose added was available as follows:

Specific 14C activity (Bq (µg C)−1) =
14Cadded (Bq (g soil)−1)

y × Cwater extract (µg (g soil)−1)

where y is 0.15, 0.10 or 0.05. The amount of DNA-C formed from the soil solution
during 24 h was calculated in the same way as the amount of DNA-P formed. In order
to calculate the MRT of C and P in the microbial biomass, we assumed that all four
nucleotides were equally abundant in the microbial DNA, resulting in a C content of
34.9% (w/w) and a P content of 9.5% (w/w) in DNA. The MRT of C and P in the
microbial DNA was calculated as the pool size divided by the influx to the pool as
follows:

MRT of X (days) =
DNA−X (ng (g soil)−1)

DNA−X formed (ng (g soil)−1 day−1)

where X stands for C or P. Homogeneity of variance was tested by the Levene test.
Differences between fertilization treatments were tested by ANOVA followed by Tukey
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post-hoc test using R (R Core Team, 2013).

2.2.3 Results

The concentrations of microbial DNA, SMB-C, SMB-P and water extractable organic
C were not affected by P fertilization (p > 0.05; Table 1). The water-extractable P
concentration increased by a factor of 4.6 from the non-fertilized soil to the soil that
had received 80 mg P g soil−1 of fertilizer. The 33P activity in the water extracts also
increased with P fertilization, while the specific 33P activity decreased with P fertilization
(Table 1).

Table 1: Total soil microbial DNA, soil microbial biomass carbon (SMB-C) and soil microbial
biomass P (SMB-P), along with properties of the water extracts. Numbers are means (n = 3),
± represent standard deviations, and letters indicate significant differences (p < 0.05) between
fertilizer treatments.

Level of fertilization (mg P (g soil)−1)
0 20 40 60 80

DNA [mg (g soil)−1] 35.93a 35.98ab 31.08b 28.02b 38.44c
(±3.16) (±13.63) (±1.01) (±2.33) (±16.13)

SMB-C [mg (g soil)−1] 399.51 424.12 464.47 466.16 471.93
(±44.65) (24.18±) (±10.58) (±34.85) (±32.05)

SMB-P [mg (g soil)−1] 36.6 19.7 14.8 21.7 37.4
(±7.8) (±7.6) (±7.4) (±8.9) (±3.2)

Water extractable 33P [kBq (g soil)−1] 4.20a 5.02b 5.49b 6.39c 7.19d
(±0.15) (±0.26) (±6.49) (±0.29) (±0.45)

Water-extractable Pi [mg (g soil)−1] 2.5a 5.0b 6.1b 8.8c 11.6d
(±0.3) (±0.5) (±0.5) (±0.6) (±1.0)

Specific 33P water extract [kBq (mg P)−1] 1.69c 1.00b 0.90ab 0.73ab 0.62a
(±0.18) (±0.11) (±0.07) (±0.06) (±0.04)

Water-extractable OC [mg (g soil)−1] 259.8 299.9 279.3 307.7 308.7
(±24.4) (44.0±) (14.1±) (14.8±) (±11.7)

Water-extractable N [mg (g soil)−1] 26.3 30.2 29.8 30.9 30.5
(±1.9) (±3.4) (±0.4) (±2.7) (±0.5)

The relationship between SMB-C and total DNA was in agreement with a previously
described DNA/SMB-C ratio across sites and soil horizons (Supplement Figure S1). The
total amount of DNA-P formed from Pi of the soil solution during the 24 h incubation
(Fig. 1A) increased significantly (p < 0.05) from the non-fertilized soil to the highest
level of fertilization by a factor of 1.8. In contrast, the total amount of DNA-C formed
from C of the soil solution did not change with P fertilization (Fig. 2A). The calculation
of the total amount of DNA-C formed from OC in the soil solution is associated with
a high uncertainty, because we do not know the size of the bioavailable C pool that is
taken up with the same probability as the 14C tracer. For this reason, we calculated three
different scenarios, assuming that either 15, 10 or 5% of the water extractable organic
carbon (OC) was taken up with the same probability as the 14C-glucose (Fig. 2A). The
MRT of C in the DNA did not differ significantly between the treatments (p > 0.05),
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and it was on average 49.7, 74.6 and 149.2 days assuming that 15, 10 or 5% of the OC
was bioavailable (Fig. 2A). In contrast, the MRT of P decreased significantly (p < 0.05)
with the level of P fertilization by a factor of 2.2, from 39.0 days in the control to 18.1
days in the soil fertilized with 80 mg P g−1 (Fig. 2B). C and P had the same MRT in the
SMB in the non-fertilized treatment (39.0 days), under the assumption that 18.4% of the
water-extractable OC was bioavailable, i.e., was taken up with the same probability as
the 14C-glucose by the microbial biomass. In the non-fertilized treatment, 0.7 mg P per
g soil and per day cycled through the microbial biomass pool, whereas in the treatment
fertilized with 80 mg P per g soil, 1.4 mg P per g soil and per day moved through the
SMB pool. The amount of C that cycled through the SMB C pool differed between 9.0
and 3.0 mg C per g soil and per day in all treatments, depending on the assumption
made about the size of the available C pool.

Figure 1: Total amount of DNA-P formed from Pi taken up from the soil solution during 24
h (A) and the mean residence time (MRT) of P in the microbial biomass (B). Bars represent
means, and error bars show standard deviation (n = 3). Letters indicate significant differences
(p < 0.05) between fertilizer treatments.
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Figure 2: Total amount of DNA-C formed from organic C (OC) taken up from of the soil
solution during 24 h (A) and the mean residence time (MRT) of C in the microbial biomass (B).
Bars represent means, and error bars show standard deviation, considering different estimates
of the bioavailability of the OC in the soil solution (Scenario 1: 15% of the water extractable
OC is bioavailable; Scenario 2: 10% of the water extractable OC is bioavailable; and Scenario
3: 15% of the water extractable OC is bioavailable). Bars represent means, and error bars show
standard deviation. The p value is given for the comparison between the five different levels of
fertilization (n = 3).

2.2.4 Discussion

We estimated the turnover time of C and P in the SMB based on the turnover time of
C and P in microbial DNA. Microbial growth occurs along with formation of genomic
DNA, and the turnover time of elements in the DNA reflect their turnover in the SMB
(Anderson and Martens, 2013; Schwartz, 2007; Blazewicz and Schwartz, 2011; Spohn
et al., 2016a, b). For this reason, microbial growth and SMB turnover have previously
been determined based on the incorporation of 18O into microbial DNA (Schwartz, 2007;
Blazewicz and Schwartz, 2011; Spohn et al., 2016a, b). A short incubation period after
addition of the label was chosen here in order to prevent an underestimation of the rate
of DNA formation due to decomposition of labeled DNA. Blazewicz and Schwartz (2011)
showed that 72 days after the addition of 18O, the incorporation rate of 18O into DNA

101



2.2 Study II - P turnover time

stopped to be linearly correlated with the incubation time, likely due to decomposition
of labeled DNA.

This is the first study to show that soil microbes adjusted the P turnover in their
biomass to the concentration of bioavailable P in their environment, which seems to be
an important process by which microorganisms adapt to a nutrient-poor environment.
In fertilized soils, more DNA was formed from P in the soil solution compared to non-
fertilized soils (Fig. 1A), leading to a shorter MRT of P in the microbial biomass (Fig.
1B). Under the assumption that microbes in all treatments produced DNA at the same
rate, this means that microorganisms in the non-fertilized soil used a larger percentage
of P already present in the cell, i.e., they recycled P more efficiently internally than
in the fertilized soil. Thus, instead of changing the C:P ratio of their biomass as an
adaptation to the ratio of available elements (Mooshammer et al., 2015), they adapted
the turnover time of P in the microbial biomass. Quantitatively this seems to be a much
more powerful adaptation to a nutrient poor environment, than the adjustment of the
biomass stoichiometry, which is only possible in a relatively narrow range (Mooshammer
et al., 2015). The adjustment of MRTs of individual elements in the SMB could be
an important process, which allows microbes to thrive on substrate with unfavorable
stoichiometry (Spohn, 2016). This has often been disregarded in studies on microbial
element cycling so far.

Our results show that concentrations of SMB-C and DNA, as well as the MRT of C
in the microbial biomass were not affected by P availability. This is in accordance with
previous studies reporting that SMB-C (Heuck et al., 2015) and microbial total DNA
(Spohn et al., 2016b) did not change upon soil P fertilization. Assuming that 18.4%
of the organic C of the soil solution was bioavailable, C and P in our experiment both
had the same MRT in the microbial biomass in the non-fertilized treatment (39.0 days).
However, the experiment also suggests that C and P in many soils do not have the same
MRT in the microbial biomass. The regulation of the MRT of individual elements in the
SMB might be an important adaptation that allows microbes to live on substrate whose
stoichiometry is very different from the microbial biomass stoichiometry, which is fairly
constant (Spohn, 2016).

The MRTs of C and P estimated here are in the same range as those reported in
previous labeling studies. In an arable soil of the temperate zone, C in the microbial
biomass had a MRT of 82-95 days, while P had a MRT in the microbial biomass of 37-
42 days (Kouno et al., 2002). Moreover, Cheng (2009) reported MRTs of the microbial
biomass C of 48 and 35 days in planted soils, and 97 days in unplanted soils. Yet, it
has to be taken into account that the MRTs given in the previous studies are associated
with a large uncertainty because of the way the isotopic labeling was performed (see
Introduction).

In conclusion, this is the first study to determine the turnover time of C and P in
SMB based on labeling of microbial DNA with 14C and 33P. Our results show that
the MRT of C in the SMB was not affected by P availability, whereas the microbial
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community increased the MRT of P in its biomass with decreasing P availability. Our
results indicate that the adjustment of MRT of individual elements in the SMB could
be an important process by which microbes adapt to nutrient poor environments and
maintain their biomass stoichiometry when decomposing substrate with a very high C-
to-nutrient ratio.
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Supporting Information

Figure S1: Correlation of microbial DNA and microbial biomass C concentrations of this study
and of previous studies.
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Abstract

Human activities have increased nitrogen (N) and phosphorus (P) inputs in terrestrial
ecosystems and altered carbon (C) availability, shifting the stoichiometry of microbial
substrates in soils, such as the C:N:P ratios of the dissolved organic matter pool. These
stoichiometric deviations between microbial biomass and its substrate may control micro-
bial processes of N cycling. We studied the effects of this stoichiometric mismatch using a
full factorial N and P addition experiment replicated in six grassland ecosystems in South
Africa, the USA, and the UK. We found that N and P addition changed the dissolved
organic matter C:N ratio, but not the C:N ratio of the soil microbial biomass. Compared
to P addition, N addition decreased microbial N acquisition via non-symbiotic N2 fixation
by -55% and increased microbial N release via net N mineralization by +134%. A possible
explanation is that the dissolved elements, e.g., dissolved organic C (DOC) and dissolved
total N (DN), serve as the main microbial substrate and its C:N ratio defines whether N
is scarce or abundant with respect to microbial demands. If N is available in excess rela-
tive to microbial demands, net N mineralization increases. In contrast, when N is scarce,
immobilization outweighs release decreasing net N mineralization. However, the activ-
ity of leucine aminopeptidases, which decompose peptides, was not affected by nutrient
additions. Further, C rather than P availability may control the rates of non-symbiotic
N2 fixation in the six studied grassland sites. In conclusion, globally increasing nutrient
inputs change processes of microbial N acquisition and release in grassland ecosystems
and these changes are largely driven by shifts in substrate stoichiometry.
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Graphical Abstract

2.3.1 Introduction

Nitrogen (N) inputs to terrestrial ecosystems have strongly increased through human ac-
tivities during the last century. At present, fossil fuel burning and industrial production
of N fertilizer contribute to 60 % of the global N inputs to terrestrial ecosystems with
approximately 295 Gt N yr−1 (Schlesinger, 2009). Compared to 100 years ago, anthro-
pogenic N inputs have increased by a factor of 10 (Galloway et al., 2008), and the global
N deposition rate is predicted to double by 2050 relative to the present deposition rate
(Galloway et al., 2004; Galloway et al., 2008). In contrast, anthropogenic phosphorus
(P) inputs increased to a much smaller extent (Peñuelas et al., 2013). As a consequence,
carbon (C), N and P availabilities in soil have changed and have affected the soil C:N:P
stoichiometry (Sardans et al., 2012).
Changes in bioavailable element ratios are important components of soil element cy-

cling processes (Manzoni et al., 2008; Mooshammer et al., 2014; Spohn, 2016; Schleuss
et al., 2019). Soil microorganisms thrive mostly on dissolved organic matter (DOM)
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(Marschner and Kalbitz, 2003), and the C:N ratio of this organic substrate determines
whether N is scarce or abundant with respect to their demands. If nutrient cycling is
consumer driven, microorganisms meet their nutrient demands by acquiring and immobi-
lizing limiting elements and releasing those elements supplied in excess (Elser et al., 2007;
Zechmeister-Boltenstern et al., 2015). Thus, the stoichiometry of the microbial substrate
can mediate microbial processes of element acquisition and release (Mooshammer et al.,
2014; Zechmeister-Boltenstern et al., 2015; Spohn, 2016).

Nitrogen additions alter the availabilities of N relative to C in the pool of available
elements either directly through inputs of inorganic N forms (e.g. due to fertilizers
that contain NO3

− and NH4
+), or indirectly by altering the quantity and quality (e.g.

the stoichiometric composition) of above- and belowground plant residuals (Elser et al.,
2007; Sardans et al., 2012; Yuan and Chen, 2012). Changes in soil element availabilities
(i.e. C, N, and P) or element stoichiometry (i.e. C:N:P ratio) affect different biochemical
processes by which microorganisms acquire or release N. For instance, several prokaryotes
have developed mechanisms to turn the almost inert atmospheric N2 into reactive N
forms (Dixon and Kahn, 2004). This process, non-symbiotic N2 fixation, is driven by
the nitrogenase enzyme complex and is one of the metabolically most costly processes
on Earth (Smith, 1992). The fixation of N2 requires 16 moles of ATP (Simpson and
Burris, 1984) and depends on the presence of easily-available C compounds as energy
source, as well as on sufficient P to synthesize large amounts of ATP (Eisele et al., 1989;
Vitousek et al., 2002; Reed et al., 2011; Bürgmann et al., 2005). High N availability
has been shown to decrease N2 fixation rates likely because of its high energetic cost,
as it is less energy-consuming for microorganisms to use available reactive N than to fix
N2. Further, the abundance and diversity of the N2 fixing bacterial community decreases
with increasing N availability in soils (Smith, 1992; Reed et al., 2011; Fani et al., 2000;
Hartley and Schlesinger, 2002).

Another important process providing bioavailable N in soil is the breakdown of N-
containing organic polymers (Schimel and Bennett, 2004). In terrestrial ecosystems, most
N is stored in organic forms, such as living and dead organic matter. The decomposition
of N-containing compounds and the mineralization of organic N is catalyzed by microbial-
and plant-derived enzymes (Kandeler et al., 2011). An important group of enzymes for
the decomposition of N-containing compounds are leucine aminopeptidases (LAP) that
hydrolyze peptides containing leucine and other hydrophobic amino acids (Sinsabaugh et
al., 2008). According to resource allocation theory, N addition increases the activities of
C- and P-acquiring enzymes and decreases the activities of enzymes degrading organic N
compounds (Allison et al., 2007). Several studies have found a decrease in LAP activity
in soil in response to elevated N inputs (Saiya-Cork et al., 2002; Nemergut et al., 2008;
Ramirez et al., 2012; Schleuss et al., 2019), although others have found that LAP activity
was unaffected by N addition (Chen et al., 2018).

N is released from N-containing organic compounds as ammonium (N mineralization)
and is often quickly turned into nitrate by microorganisms (Geisseler et al., 2010). In
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addition, it is immobilized, i.e. taken up, by the soil microbial biomass (Schimel and
Bennett, 2004). The difference between gross N mineralization and microbial N immo-
bilization determines how much inorganic N is released into the soil (defined as net N
mineralization rate). Usually, the net N mineralization rate increases with elevated N
inputs (Vestgarden et al., 2003; Ma et al., 2011; Andersson et al., 2001; Nave et al.,
2009; Zhang et al., 2012) and decreases with increasing substrate C:N ratio (Manzoni et
al., 2008; Heuck and Spohn, 2016). The lowest substrate C:N ratio at which mineraliza-
tion levels out immobilization is termed critical C:N ratio or critical threshold C:N ratio
(Bosatta and Berendse, 1984; Manzoni et al., 2008; Heuck and Spohn, 2016), which is
an indication for C or N deficiency of specific substrate with respect to the requirements
of the homeostatic decomposer community (Bosatta and Berendse, 1984).
In this study, we aim to understand how changes in bioavailable element concentra-

tions, in response to chronic N and P additions, affect the processes of microbial N cy-
cling. Further, we explore which biotic and abiotic factors control processes of microbial
N acquisition and release to identify key drivers of N cycling processes in grassland soils.
For this purpose, we studied six different grasslands located in the USA, the UK, and
South Africa that are part of a globally coordinated and standardized experimental re-
search cooperative (Nutrient Network). Altogether, these sites cover broad biogeographic
gradients including soil chemistry and plant communities.
We hypothesized that long-term N and P additions would change the availabilities of

C, N, and P on which the soil microorganisms thrive; specifically, the concentrations
of dissolved organic C (DOC), dissolved N (DN) and dissolved inorganic P (DIP) (Hy-
pothesis 1). Second, we hypothesized that P addition increases microbial N acquisition
through elevated N2 fixation (Hypothesis 2). Third, we hypothesized that processes of
N acquisition, such as the non-symbiotic N2 fixation and the leucine-aminopeptidase ac-
tivity, would decline with higher N availability (Hypothesis 3). Further, we expected
that microorganisms would release excess N into the soil once their N demands are cov-
ered, and finally we hypothesized that net N mineralization would increase with elevated
reactive N supply (Hypothesis 4).

2.3.2 Materials and Methods

2.3.2.1 Experimental sites

We studied six grassland soils on three different continents. Two sites were located in the
United Kingdom (hero.uk and rook.uk), two sites were located in South Africa (ukul.za
and summ.za), and two sites were located in the United States of America (cdcr.us and
cbgb.us, Table 1) as described in Widdig et al. (2019) and Widdig et al. (2020b).
All sites are imbedded in the Nutrient Network (NutNet), a global research cooperative
using standardized nutrient additions experiments (Borer et al., 2014). In this study, four
treatments were investigated, namely a control treatment (Ctrl), a N addition treatment
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(+N), a P addition treatment (+P), and a combined N and P addition treatment (+NP).
Both N and P were added annually for more than seven years at all sites at doses of 10
g m−2 as time-release urea ((NH2)2CO) and as triple-super phosphate (Ca(H2PO4)2),
respectively. The treatments were replicated in three 5 x 5 m plots that were arranged
in randomized block design (Borer et al., 2014).

2.3.2.2 Sampling and sample preparation

We collected soil samples of all six sites at the time of peak biomass in 2017. The South
African sites were sampled in February 2017, the American sites in September 2017, and
the English sites in October 2017. Two soil depth increments were sampled (0-15 cm and
15-30 cm) with exception of the summ.za grassland site, where extremely shallow soil
profiles prevented the sampling of the second depth increment (15-30 cm).
Six soil samples were taken per plot, and all samples were combined in one mixed

sample. Samples were shipped to the University of Bayreuth and prepared within one
week after sampling. Soil was sieved (<2 mm) and roots were carefully removed. For
elemental analyses, soil material was dried at 50◦C and subsequently milled. Other
material was adjusted to 60% of the maximal water holding capacity and incubated at
15◦C for subsequent measurements (i.e. for the net N mineralization rate (Nmin), the
non-symbiotic N2 fixation rate (Nfix), and leucine aminopeptidase (LAP) activity; see
description below).

2.3.2.3 Element concentrations in soil and soil water extracts

Total soil organic C (TOC) and total N (TN) concentrations were analyzed using an ele-
ment analyzer (Vario Max Elementar, Hanau, Germany) after samples had been milled.
Total P (TP) concentration of milled soil was determined using an inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Vista-Pro radia, Varian) after a pres-
sure digestion in concentrated nitric acid.
For measurements of element concentrations in soil water extracts, a dry-mass equiv-

alent of 20 g soil was extracted in 80 ml distilled water and filtrated (0.45µm) using an
under-pressure device. The filtrated water extracts were measured for total dissolved
nitrogen (DN; TOC-TN Analyser, Jena Analytics), dissolved organic carbon (DOC;
TOC-TN Analyser, Jena Analytics) and dissolved inorganic phosphorus (DIP; UV 1800,
Shimadzu).
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Table 1: Site name, code, country, latitude, longitude, mean annual precipitation (MAP), mean annual temperature (MAT), year of first nutrient addition,
management, soil texture, soil pH, total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) concentration, habitat, time of biomass
sampling, dominant plant species, and aboveground net primary productivity (ANPP) of the six grassland sites.
Site name Ukulinga Summerveld Cedar Creek Chichaqua Bottoms Rookery Heron’s Brook

Site code ukul.za summ.za cdcr.us cbgb.us rook.uk hero.uk
Country South Africa South Africa USA USA UK UK
Latitude -29.67 -29.81 45.43 41.79 51.41 51.41
Longitude 30.4 30.72 -93.21 -93.21 -0.64 -0.64
MAP (mm) 838 809 800 891 678 678
MAT (°C) 18 18 6 9 10 10
First nutrient addition 2010 2011 2008 2010 2008 2008
Management regularly burned regularly burned not burned regularly burned not burned not burned
Soil texture
(sand%, silt%, clay%)1 (4, 43, 53) (50, 33, 17) (90, 7, 3) (85, 10, 5) (75, 18, 7) (65, 25, 10)

soil pH (H2O)1 5.9 5.2 5.3 5.7 3.8 5.1
TOC (g C kg soil−1)1 42 49 9 7 24 37
TN (g N kg soil−1)1 2.9 2.8 0.7 0.6 2.0 3.2
TP (g P kg soil−1)1 0.45 0.37 0.31 0.28 0.38 0.62
Habitat Mesic grassland Mesic grassland Tallgrass prairie Tallgrass prairie restored Mesic grassland Mesic grassland
Biomass sampling Nov. – Mar. Feb. – Mar. Jul. – Aug. Aug. Aug. Aug.

Dominant plant
species2,3

Berkheya umbellata,
Cymbopogon nardus,
Eragrostis curvula,
Hyparrhenia hirta,
Scabiosa columbaria,
Setaria nigrirostris,
Tagetes minuta,
Themeda triandra,
Tristachya leucothrix

Aristida junciformis,
Elionurus muticus,
Helichrysum aure-
onitens, Monocymbium
ceresiiforme, Panicum
ecklonii, Sporobolus
africanus, Tephrosia
macropoda, Themeda
triandra, Trachypogon
spicatus

Agrostis scabra, Andro-
pogon gerardii, Carex
sp., Conyza canadensis,
Elymus repens, Pen-
nisetum glaucum, Poa
pratensis, Rumex ace-
tosella, Schizachyrium
scoparium, Solidago
missouriensis

Ambrosia psilostachya, An-
dropogon gerardii, Bromus
inermis, Chamaecrista fasci-
culata, Chenopodium album,
Gaura biennis, Monarda
fistulosa, Poa pratensis,
Schizachyrium scoparium,
Solidago canadensis, Solidago
speciosa, Symphyotrichum
pilosum

Agrostis capillaris,
Festuca rubra, Galium
saxatile, Holcus lanatus,
Holcus mollis, Luzula
campestris, Rumex
acetosella, Senecio
jacobaea

Agrostis capillaris, An-
thoxanthum odoratum,
Arrhenatherum elatius,
Festuca rubra, Holcus
lanatus, Holcus mollis,
Lotus corniculatus,
Ranunculus repens,
Rumex acetosa, Tri-
folium repens, Veronica
chamaedrys

ANPP (g m−2 yr−1)3 498 349 178 397 180 509
1 Data refer to the upper 15 cm of soil
2 Taxa are in alphabetic order
3 Data refer to the control (without any addition of N and P)
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2.3.2.4 Microbial biomass C and N

Microbial biomass C and N concentrations (MBC and MBN) were determined using
the chloroform fumigation-extraction method (Brookes et al., 1982; Vance et al., 1987).
Fumigation was performed for 24 h in the dark in a desiccator. Fumigated and non-
fumigated samples were extracted in 0.5 M K2SO4 in a ratio of 1:5 (soil:extractant).
Samples were diluted in a ratio of 1:20 before measuring dissolved C and N using a
TOC/TN analyzer (multi N/C 2100, Analytik Jena, Jena, Germany). Microbial biomass
C and N were calculated by subtracting the concentrations of the extracts of the non-
fumigated samples from the ones of the fumigated samples and multiplying the difference
with a conversion factor of 2.22.

2.3.2.5 Non-symbiotic N2 fixation

Non-symbiotic fixation of atmospheric N2 was measured based on a 15N stable isotope
approach (Zechmeister-Boltenstern, 1996). A dry-mass equivalent of 4 g soil was incu-
bated within a 15N enriched artificial atmosphere containing 99.8 atom% 15N2 (Sigma
Aldrich). Fresh soil (60% WHC) was filled into 12 ml exetainer (Labco). All exetainers
were gas-tightly closed, flushed with argon (Ar), carefully evacuated, and finally filled
with 7.2 ml 15N2 and 0.8 ml O2. To control the artificial 15N-enriched atmosphere, pres-
sure changes were noted before and after adding 15N2 and O2. The average atmospheric
composition consisted of 72.5% 15N2, 8.2% O2, and 19.2% Ar in v/v%, respectively.
Fresh soil samples were incubated in this atmosphere in the dark at 15◦C for 72 h and
afterwards dried at 50◦C. Subsequently, soil exposed to 15N2 (15N labeled) and soil not
exposed (natural abundance) was milled and analyzed for 15N (Delta plus, Conflo III,
Thermo Electron Cooperation, Bremen, Germany). The 15N atom% was calculated us-
ing the isotope ratio of each sample (Rsample= 15N/14N). The 15N2 fixation rate (in ng
N g soil−1 h−1) was estimated using an isotope mixing model (Zechmeister-Boltenstern,
1996):

15N2 fixation rate (ng N g soil−1 h−1) =

TN (mg N g soil−1) ×
15Nlabeled (at%) − 15NNA (at%)

100 × t (h)
× 106

where TN is the total soil N (in mg N per g soil ), atom% 15Nlabeled is the content of
15N atoms in the labeled sample and atom% 15NNA is the content of 15N atoms in the
control samples, and t is the incubation time (in h).

2.3.2.6 Leucine aminopeptidase activity

LAP activity was determined according to Marx et al. (2001), German et al. (2011)
and Herold et al. (2014). One gram of moist soil was homogenized in 50 ml of sterile
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water by shaking for 20 min. The soil homogenates were pipetted into microplates and
fluorescent substrate solution was added. Samples were preincubated in the dark at
15◦C for 30 min, and subsequently measured fluorometrically after 0, 30, 60, and 180
min using a microplate reader (Infiniter 200 PRO, TECAN). Fluorescence was corrected
for quenching of the soil as well as for the fluorescence of substrate and soil (German et
al., 2011). LAP activity was calculated from the slope of net fluorescence over incubation
time in nmol g−1 h−1 according to German et al. (2011).

2.3.2.7 Net N mineralization

Approximately 150 g of soil was adjusted to 60% of the maximal water holding capacity
and incubated at 15◦C in a 2 l PET-bottle. After 0, 14, 28, and 42 days of incubation,
subsamples of 20 g soil dry-mass equivalent were extracted in 80 ml distilled water on
an overhead shaker for one hour and filtrated as stated above. The extraction-filtration
procedure was repeated after 0, 14, 28, and 42 days of soil incubation. Water extracts
were measured for ammonium (N-NH4

+) and nitrate (N-NO3
−) via flow injection analysis

(FIA-Lab, MLE Dresden) and ICP-OES, respectively. Net N mineralization rates were
calculated based on the linear increase of N-NH4

+ plus N-NO3
− (dissolved inorganic N,

DIN) over time.

2.3.2.8 Aboveground net primary productivity (ANPP)

At peak biomass in 2017 at all sampled sites, all aboveground plant biomass was clipped
in two 0.1 x 1 m strips within each 5 x 5 m plot, sorted to functional group, dried to a
constant mass at 60 ◦C, and weighted to the nearest 0.01 g. ANPP was estimated by
summing the combined live biomass from these functional groups.

2.3.2.9 Statistical approaches

Statistical analyses, data transformation, and data presentation were carried out using
SigmaPlot 13 (SYSSTAT) and R version 3.3.1 (R Core Team, 2018). We used dif-
ferent statistical approaches to identify effects of nutrient addition within and across
sites for element concentrations in soil and soil water extracts, C:N ratios of micro-
bial biomass and DOM, net N mineralization, leucine-aminopeptidase activity and non-
symbiotic N2 fixation.
Effects of N and P addition within sites
For all six sites, two-way ANOVA was used for each variable to indicate effects of single
and combined N and P addition in both depth increments, separately (with “treatment”
and “depth” defining the two factors in the model). The ANOVAs were followed by
post-hoc test for multiple comparisons using the Tukey-test (p < 0.05). Previously, data
were checked for normality (Shapiro-Wilk-test, p > 0.05) and homogeneity of variance
(Levene-test, p > 0.05). If necessary, data were log- or square root-transformed and
retested.
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Effects of N and P addition across sites
To identify changes across sites, linear mixed-effects models were performed using the
“nlme” package (Pinheiro et al., 2018) and the “multcomp” package (Hothorn et al.,
2008) for post-hoc test in R. Treatment was set as fixed factor in the model. Additional
variance coming from different geographical locations was eliminated by selecting “site”
as random factor. LME was followed by Tukey-post-hoc test for multiple comparisons (p
< 0.05). In some cases, data were log- or square root-transformed to meet requirements
of normality (Shapiro-Wilk-test, p > 0.05) and homogeneity of variance (Levene-test, p
> 0.05). Concurrent with the LME-output, all variables were based on the control by
subtracting the average of the control from each treatment (+N, +P, +NP). Thus, values
higher or lower than zero indicate a positive or negative treatment effect, respectively.

Multivariate statistics
To access biotic and abiotic drivers of N cycling processes, we performed multi-model
selections (Grueber et al., 2011). Multi-model selection allows assessing the relative
importance of a range of covarying factors and thus can help to examine the effect of
soil chemical and physical factors as well as climatic factors on N cycling processes. A
global model, containing TOC, TN, TP, DOC, DN, and DIP concentrations, TOC:TN,
TOC:TP, TN:TP, DOC:DN, and DOC:DIP ratios, soil pH, sand content, mean annual
temperature (MAT), mean annual precipitation (MAP), and ANPP, was used to predict
changes in soil N cycling processes; e.g. net N mineralization rates, non-symbiotic N2

fixation rates and leucine-aminopeptidase activities across all sites and treatments. All
input variables in this model were standardized prior to analysis using the standardize
function within the arm R library package (Gelman et al., 2018) to allow interpreting the
parameter estimates after model averaging. Further, random intercepts for site and treat-
ment were included to correct for site- and treatment-specific differences. All possible
models were run using the dredge function in MuMIn R library package (Barton, 2018)
and a full submodel set was generated. Of these models, the best ones were selected based
on their AIC corrected for small sample size (AICc). The models within four AICc units
of the model with the lowest AICc were selected and averaged. For each model variable,
a relative variable importance was calculated by dividing the sum of the AIC weights of
all models in which the variable appears by all generated models. The relative variable
importance ranges between 0 and 1. Variables that appear in all models are assigned an
importance of 1, indicating the highest explanatory weight. The variables, which showed
the highest relative importance (> 0.80), were used to fit linear mixed-effects models.
For these models, p-values were obtained by likelihood ratio test of the full model with
the effect in question against the model without the effect in question. Further, R² were
calculated as conditional R² according to Nakagawa and Schielzeth (2013).
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2.3.3 Results

2.3.3.1 Element concentrations in soil and soil water extracts

Soil TOC, TN, and TP concentrations did not significantly change in response to single
and combined N and P addition across all sites (Figure S1). However, analyzing the
effect of nutrient addition on soil element concentrations within each site (each site tested
independently) showed that the TP concentration increased in response to single P and
combined NP addition in half of the sites under study in the upper depth increment (e.g.
in cbgb.us, root.uk, ukul.za; for more information see supplement text 1, Table S1).

The effects of N and P addition were more pronounced for dissolved soil element con-
centrations than for total element concentrations, with strongest responses in the upper
15 cm (Table S1). Across all sites, combined NP addition increased DOC concentrations
in 0-15 cm by +27 % (p < 0.05) as compared to the control (Figure 1). The DOC con-
centration in 0-15 cm ranged between 98 and 115 mg C kg soil−1 in the South African
sites, while it was considerably lower in the UK sites (23-29 mg C kg soil−1) and US sites
(15-18 mg C kg soil−1) (Table S2).

Compared to the control, single N addition increased DN concentrations by 199% and
96%, and combined NP addition by 116% and 86% in 0-15 cm and 15-30 cm depth,
respectively (Figure 1). In contrast, P addition had no effect on the DN concentration in
both depth increments of all six sites (Figure 1). DN concentrations in 0-15 cm ranged
between 3.2-14.2 mg N kg soil−1 across all six sites and were 25-70% lower in 15-30 cm
(range: 1.8-9.7 mg N kg soil−1) (Table S2). The main part of the DN pool is formed by
N-NO3

− concentrations, which showed very similar patterns as revealed for the DN pool
(Table S2).

N and P addition changed the C:N ratio of the DOM. The DOC:DN ratio was sig-
nificantly lower by 71% and 43% in treatments with than without N addition in 0-15
cm and 15-30 cm, respectively, across all six sites (Figure 2). The molar DOC:DN ra-
tio in the controls of all six sites ranged between 2-18 and 3-27 in 0-15 cm and 15-30
cm, respectively (Table S2). We did not find any significant effect of P addition on the
DOC:DN ratio in both soil depths across all six sites. However, in all six sites, P addition
consistently increased DIP concentrations as compared to the control, while N addition
had no effect on DIP in both soil depths (Table S2). Overall, DIP concentrations in 0-15
cm and 15-30 cm were 3300% and 3900% higher due to single P addition and 3500% and
3700% higher due to NP addition as compared to the control, respectively (Figure 1).
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Figure 1: Changes in dissolved element concentrations in 0-15 cm (n=54) and 15-30 cm (n=45)
due to N and P addition across all six sites. Changes in variables were calculated by subtracting
the control from the treatment. Element concentrations include dissolved organic C (DOC) (a &
b), dissolved total N (DN) (c & d), and dissolved inorganic P (DIP) (e & f). Linear mixed-effects
models were performed with treatment as fixed factor and random intercepts for sites followed
by Tukey-post-hoc test for multiple comparisons. Significant differences (p < 0.05) between
treatments (N, P, and NP) are indicated by lower-case letters, while asterisks (*) indicate a
significant difference (p < 0.05) between a treatment and the control. The mean value of the
control is illustrated with the grey line (Ctrl = 0).

2.3.3.2 Aboveground net primary productivity (ANPP)

All nutrient addition treatments increased ANPP compared to the control considering
all six grassland sites. Across all sites, N addition increased ANPP by 23%, P addi-
tion by 27% and NP addition by 37% as compared to the control, respectively (Figure
S2a). However, no significant changes were found among N, P and NP addition treat-
ments across all sites. Across all sites, we found a positive correlation between DOC
concentrations and ANPP (Figure S2b).
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2.3.3.3 Microbial biomass

We found no significant difference between nutrient addition treatments for microbial
biomass carbon (MBC) across all six sites (Figure 2). Separate analyses within each site
also revealed no significant effect of N and P addition on MBC in both soil depths (Table
S3). The MBC in 0-15 cm was highest in soils of the South-African sites (843-1005 mg
C kg soil−1), slightly lower in soils of the UK sites (651-661 mg C kg soil−1), and lowest
in soils of the US sites (175-163 mg C kg soil−1, Table S3).

Although N and P addition strongly changed the C:N ratio of the DOM, the microbial
C:N ratio (MBC:MBN ratio) did not change significantly with nutrient additions in both
soil depths across all six sites (Figure 2). The mean MBC:MBN ratio was 9.22 and 9.89
considering all treatments and sites in 0-15 and 15-30 cm, respectively (the second depth
increment in one UK site, Rookery, was not considered because MBN data were below
the detection limit).

Figure 2: Changes in the molar DOC:DN ratio (a & b), microbial biomass carbon (MBC)
concentration (c & d), and microbial biomass C:N stoichiometry (MBC:MBN ratio) (e & f) for
two soil increments (0-15 cm and 15-30 cm) in response to N and P addition across all six sites.
The substrate C:N ratio is measured as DOC:DN ratio and the microbial C:N ratio is measured
as MBC:MBN ratio. Changes in variables were calculated by subtracting the control from the
treatment. Box plots show the median (black line), the mean (colored squares), the 25th and
the 75th percentile (box edges) and the 10th and the 90th percentile (error bars). Linear mixed-
effects models were performed with treatment as fixed factor and random intercepts for sites
followed by Tukey-post-hoc test for multiple comparisons. MBN values in the second soil depth
increment in Rookery were below detection limit and thus excluded from the analysis (0-15 cm:
n = 18; 15-30 cm: n = 12). Significant differences (p < 0.05) between treatments (N, P, and
NP) are indicated by lower-case letters, while asterisks (*) indicate a significant difference (p <
0.05) between a treatment and the control. The mean value of the control is illustrated with the
grey line (Ctrl = 0).
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2.3.3.4 Non-symbiotic N2 fixation

Non-symbiotic N2 fixation rates were significantly higher under NP addition than in the
control. Further, they were significantly higher under P and NP addition than under N
addition in 0-15 cm depth, whereas N2 fixation rates were not significantly changed in
response to nutrient addition in 15-30 cm depth (Figure 3). In 0-15 cm depth, under P
and NP addition, N2 fixation rates were 122% and 179% higher than under N addition,
respectively. Further, under NP addition N2 fixation rates in 0-15 cm depth were 96%
higher than in the control (Figure 3). Non-symbiotic N2 fixation was negatively correlated
with the TN:TP ratios in both soil depth increments (0-15 cm depth: R² = 0.20, p =
0.005, 15-30 cm depth: R² = 0.08, p = 0.04, Figure 4). Mean non-symbiotic N2 fixation
rates were highest in the South African soils (2.58- 3.85 ng N g soil−1 d−1), intermediate
in the US soils (0.78-1.36 ng N soil−1 d−1), and lowest in the UK soils (0.29-1.01 ng N g
soil−1 d−1, Table S3).

2.3.3.5 Leucine aminopeptidase activity

LAP activities per unit MBC were not significantly changed by any nutrient addition
treatment in either the 0-15 or 15-30 cm soil depth (Figure 3). They were negatively
correlated with DN concentrations in 0-15 cm soil depth (R² = 0.15, p = 0.002, Figure
4). In the control plots in 0-15 cm soil depth, LAP activities per unit MBC ranged from
22 and 53 nmol g MBC−1 h−1 in Rookery (UK) and Summerveld (South Africa), respec-
tively, to 327 and 348 nmol g MBC−1 h−1 in the soils of the US sites, with intermediate
LAP activity in Heron’s Brook (UK) and Ukulinga (South Africa, Table S3).

2.3.3.6 Net N mineralization

Net N mineralization rates were significantly higher in treatments with N addition than
without N addition in both soil depths across all six sites (Figure 3). Net N mineral-
ization was 134% and 74% higher with single N addition and 138% and 108% higher
with combined NP addition in 0-15 cm and 15-30 cm, respectively, compared to the
control. P addition did not significantly change net N mineralization in both soil depths
as compared to the control. Net N mineralization was highly positively correlated with
DN concentrations in both soil depth increments (0-15 cm depth: R² = 0.42, 15-30 cm
depth: R² = 0.56) and highly negatively correlated with DOC:DN ratios (0-15 cm depth:
R² = 0.61, 15-30 cm depth: R² = 0.67, Figure 4). Net N mineralization was lowest in
soils at the South African sites (0-0.03 mg N kg soil−1 d−1), slightly higher in soils at the
US sites (0.09-0.15 mg N kg soil−1 d−1), and highest in soils at the UK sites (0.38-0.48
mg N kg soil−1 d−1, Table S3).
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2.3.3.7 Biotic and abiotic controls on N cycling processes

Multi-model selection revealed that DN concentration, ANPP, and soil pH were the best
predictors of net N mineralization (Figure 5, Table S4). Together, these three variables
accounted for 89% of variability in net N mineralization. Another model with DOC:DN
ratios instead of DN concentrations explained 84% of variability in net N mineralization
(data not shown). TOC:TP ratio and DOC:DIP ratio were the best predictors of N2 fix-
ation and explained 83% of variability (Figure 5, Table S4). The proportion of explained
variability of N2 fixation was larger when the TN:TP ratio was included (R² = 0.85).
However, we excluded TN:TP ratio because it was intercorrelated with TOC:TP ratio.
Soil pH, MAT, and MAP were the best predictors of leucine aminopeptidase activity (R²
= 0.61, Figure 5, Table S4).
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Figure 3: Changes in net N mineralization rate (Nmin) (a & b), non-symbiotic N2 fixation
rate (Nfix) (c & d) and leucine aminopeptidase activity (LAP) (e & f) in the two soil depth
increments depending on N and P addition across all six sites. Changes in variables (Nmin,
Nfix and LAP) were calculated by subtracting the control from each treatment. Colored circles
and squares (+N in blue, +P in red, and +NP in purple) represent the mean value ± SD for
each treatment in 0-15 cm (n=18) and in 15-30 cm (n=15). Box plots show the median (black
line), the 25th and the 75th percentile (box edges) and the 10th and the 90th percentile (error
bars). Linear mixed-effects models were performed with treatment as fixed factor and random
intercepts for sites. Significant differences (p < 0.05) between treatments (N, P, and NP) are
indicated by lower-case letters, while asterisks (*) indicate a significant difference (p < 0.05)
between a treatment and the control (indicated by the grey line).
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Figure 4: Relationships between changes in soil N cycling processes and changing element avail-
abilities due to N and P additions across all sites in 0-15 cm and 15-30 cm soil depth. (a)
Correlations between N mineralization rate (Nmin) and dissolved N concentrations (DN), (b)
correlation between N mineralization rate and dissolved organic matter C:N ratios (DOC:DN ra-
tio), (c) correlations between non-symbiotic N2 fixation (Nfix ) and total N:total P ratio (TN:TP
ratio) and (d) correlations between leucine aminopeptidase activity per MBC (LAP) and dis-
solved N concentrations (DN). Changes in variables were calculated by subtracting the control
from each treatment (+N, +P, +NP). In order to avoided negative values for subsequent square
root-transformations changes in variables were adjusted by adding a constant (c = minimum of
data frame + 1.1).
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Figure 5: Performance of linear mixed-effects models of (a) N mineralization (Nmin), (b) N fix-
ation (Nfix), and (c) leucine aminopeptidase activity per unit microbial biomass carbon (qLAP)
of all treatments at all six grassland sites in 0-15 cm depth. Measured values are shown on
the x-axes and predicted values are shown on the y-axes. Best model predictors for Nmin were
dissolved nitrogen, soil pH, and ANPP. Best model predictors for Nfix were total organic carbon-
to-total phosphorus ratio and dissolved organic carbon-to-dissolved inorganic phosphorus ratio.
Best model predictors for qLAP were mean annual temperature, soil pH, and mean annual precip-
itation (Table S4). The linear mixed-effects models were calculated after multi-model selection.
R² was calculated as conditional R² according to Nakagawa and Schielzeth (2013), the standard
line is dashed (intercept = 0, slope = 1), and the fitted line of the model is solid.
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2.3.4 Discussion

2.3.4.1 Soil and microbial element concentrations

Although N and P additions caused strong changes in the DOC:DN ratio, the C:N ratio of
the soil microbial biomass (MBC:MBN ratio) was not affect by N and P addition. While
some studies show that the microbial stoichiometry adapts to changes of their substrate
after nutrient additions (Li et al., 2012; Khan and Joergensen, 2019), our finding builds
on previous studies indicating that the microbial biomass C:N ratio is not affected by
nutrient additions (Joergensen and Scheu, 1999; Heuck et al., 2015; Schleuss et al., 2019;
Tapia-Torres et al., 2015). These results suggest that the microbial community adjusts
processes of element acquisition, uptake, turnover, partitioning, and release according to
its stoichiometric demands, which allows soil microorganisms to maintain their biomass
stoichiometry despite changes in the ratio of bioavailable elements in its environment
(Sterner and Elser, 2002; Zechmeister-Boltenstern et al., 2015; Spohn, 2016).

Consistent with our first hypothesis, N addition increased DN while P addition in-
creased DIP concentrations. Nutrient additions also elevated DOC concentrations at
some sites, and DOC concentration was positively correlated with ANPP across all sites
(Figure S2). A possible reason for this is that the added nutrients elevated plant pro-
ductivity (Figure S2), which increased above- and belowground C inputs (Zak et al.,
1994; Dias et al., 2010; Peterson and Lajtha, 2013). This explanation is consistent with
a previous meta-analysis showing that N addition enhances soil C inputs and leads to
higher DOC concentrations in soils of various ecosystems (Lu et al., 2011). An alterna-
tive explanation might be that P and NP additions have changed biochemical processes
affecting the C availability in soil. For instance, the addition of N or P could have af-
fected the production of fine roots and mycorrhizal fungi (Leff et al., 2015), or inorganic
P might have desorbed organic C compounds from soil minerals (Spohn and Schleuss,
2019).

N addition did not increase soil TN concentrations in most sites under study, even
though about 70-100 g N m−2 was added throughout the last seven to nine years. Al-
though some of the added N might have been removed due to specific grassland manage-
ment practices (e.g. annual biomass harvest or burning), it is likely that the majority of
added N has been translocated to deeper soil depths (> 30 cm) or was even leached below
the rooting zone. This seems plausible because N is directly added at the beginning of
the vegetation period and most of the urea-fertilizer is dissociated to inorganic N species
(e.g. NO3

− or NH4
+). While NH4

+ is preferentially taken up by most plants (Bloom et
al., 1992; Gazzarrini et al., 1999; Wiren et al., 2000), large parts of NO3

−, which is the
main compartment of the total dissolved N pool (DN), may have been leached due to its
high mobility, and thus did not increase soil N concentrations.

125



2.3 Study III - N acquisition

2.3.4.2 Processes of N acquisition depending on nutrient addition

The non-symbiotic N2 fixation rate was lower under N than under P addition across all six
sites, which is partly consistent with our second hypothesis. The reason why P addition
might lead to a higher non-symbiotic N2 fixation rate relative to N addition is that the
fixation of atmospheric N2 is highly energy-consuming and requires high levels of ATP
in the microbial cell. Further, the negative correlation with soil TN:TP ratio suggests
that besides a sufficient P supply, a low N availability favors non-symbiotic N2 fixation.
This is probably because it is less energy demanding for microorganisms to take up
mineral N than to fix atmospheric N2 (Reed et al., 2011). Consequently, microorganisms
likely regulate N2 fixation based on soil stoichiometry to meet their nutritional demands
(Mooshammer et al., 2014; Zechmeister-Boltenstern et al., 2015; Spohn, 2016).

Combined NP addition, in contrast to single P addition, significantly enhanced N2

fixation rates. This finding agrees with studies showing a larger N2 fixation under com-
bined NP than under single P addition (Reed et al., 2011). The strong increase in
non-symbiotic N2 fixation under NP addition might be associated with the higher DOC
concentrations, because the fixation of N2 is a process with a high energy demand and
microorganisms may use available C substrates as an energy source to enable nitrogenase
production (Reed et al., 2011; Schleuss et al., 2020). For instance, between 5 and 117 g C
are needed in different microorganisms to fix 1g of N2 (Hill, 1992), and thus the C-input
of fresh plant detritus likely facilitates non-symbiotic N2 fixation in the NP treatments.
Thus, our finding, based on multi-model selection, that the TOC:TP and DOC:DIP ra-
tios accounted for a large proportion of variance in non-symbiotic N2 fixation across the
six grasslands might also indicate a C limitation of N2 fixation (Widdig et al., 2020a).
Taken together, in accordance with our hypothesis, N acquisition by microorganisms via
non-symbiotic N2 fixation was lower under N compared to P and NP addition and the
soil stoichiometry turned out to be an important driver controlling non-symbiotic N2 fix-
ation rate. However, C rather than P availability seems to determine the non-symbiotic
N2 fixation rates in the six studied grassland soils.

Besides fixation of atmospheric N2, microorganisms can acquire organic N through
exudation of extracellular enzymes, e.g. through the decomposition of N-containing
compounds. For instance, they can hydrolyze peptides by releasing the enzyme leucine-
aminopeptidase. Given the observed effects of N availability on N mineralization, it
seems likely that N addition also affects LAP activity. However, LAP activity did not
change upon nutrient addition and multi-model selection indicated no main influence
of nutrient availability on LAP activity. Similarly, LAP activity did not change upon
N addition in three contrasting grasslands (Zeglin et al., 2007), in a semiarid grassland
in New Mexico (Stursova et al., 2006), and a recent meta-analysis (Chen et al., 2018).
Thus, some studies have argued that resource allocation theory might not apply to N-
acquiring enzymes such as LAP (Jian et al., 2016; Sinsabaugh and Follstad Shah, 2012).
However, we found a negative correlation of LAP activity with DN concentrations in
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the topsoil across all sites and treatments, which indicated that microorganisms facing
a relative high N availability invested less into the production of N-acquiring enzymes,
consistent with resource allocation theory. Explanations for the independent response of
LAP activity might be, first, that several enzymes besides LAP are involved in peptide
degradation (Landi et al., 2011). Second, peptides are only one group of organic N pools
in soils. There are several other classes of N-containing compounds, which alternatively
could be degraded to meet the microbial N demands (Sinsabaugh et al., 2008; McGill and
Cole, 1981). Third, peptides can also serve as important C sources (Farrell et al., 2014),
thus LAP activity might be linked to microbial C rather than N demand (Sinsabaugh et
al., 2008; Sinsabaugh and Follstad Shah, 2012). Finally, it might be that LAP activity
is to a substantial extent produced by meiofauna (Abad et al., 2008), which has slightly
different nutritional needs than the soil microbial biomass. Even though our results
suggest that N acquisition through LAP activity was independent of nutrient addition,
a more comprehensive knowledge of stoichiometric regulations including also other N
degrading enzymes would help to better understand processes of microbial N cycling in
response to elevated N and P inputs.

2.3.4.3 Processes of N release depending on nutrient addition

The net N mineralization rate significantly increased in response to N addition, both
in the N and combined NP treatment. This finding indicates that soil microorganisms
release inorganic N once available N is present in excess relative to the microbial demand.
This result is consistent with our third hypothesis and with previous studies of grassland
and forest soils (Nave et al., 2009; Ma et al., 2011; Zhang et al., 2012). Moreover, we
found that the net N mineralization rate was negatively related to the DOC:DN ratio.
This finding indicates that not only the available N but also the C:N stoichiometry of
the DOM affects microbial N release as previously reported (Manzoni et al., 2008; Heuck
and Spohn, 2016). If DOC:DN ratios are high, less N in contrast to C is available for
soil microorganisms resulting in microbial N immobilization. Alternatively, if DOC:DN
ratios are low, microorganisms facilitate net N mineralization because they are well-
supplied with bioavailable N sources and release excessive N back to the soil. Multi-
model selection confirmed the importance of DN concentrations and DOC:DN ratios for
net N mineralization in the studied grassland soils.

The finding that besides nutrient availabilities, plant biomass was negatively related
to net N mineralization across all sites might be due to a positive relationship between
DOC concentration and ANPP.

Overall, the net N mineralization rate of the upper 15 cm in control treatments ranged
between 0 and 0.48 mg N kg−1 d−1 for all sites. This range was very similar to values
reported (a) by Risch et al. (2020) for 22 grasslands sites of the Nutrient Network on five
different continents (range of net Nmin: 0-0.84 mg N kg−1 d−1, mean net Nmin: ≈ 0.27
mg N kg−1 d−1) and (b) also by Zhang et al. (2012) for different temporal measurements
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in 2005 and 2006 at an Inner Mongolian grassland (range of Net Nmin: 0-0.51 mg N
kg−1 d−1).

2.3.4.4 Conclusion

Our study demonstrates that soil microorganisms adjusted processes of N acquisition and
N release in response to nutrient additions. In line with our hypothesis, elevated N inputs
altered the concentrations and ratios of bioavailable elements but had no effect on the
microbial biomass C:N ratio across the studied grassland sites. Our study has important
implications as it reinforces ecological stoichiometry as important concept linking biogeo-
chemistry and microbial element cycling. Specifically, we show that soil microorganisms
facing low N availability (e.g. a high DOC:DN ratio) invested into N acquisition via
non-symbiotic N2 fixation and increased N release through net N mineralization when
they were exposed to high N availability (e.g. a low DOC:DN ratio) confirming our
hypotheses. The decrease of symbiotic N2 fixation and increase net N mineralization
likely allowed the microbial community to maintain its biomass stoichiometry according
to their nutritional demands. However, against our expectation, peptide degradation
through leucine aminopeptidase was independent of nutrient additions demonstrating
that likely other N-containing compounds have been degraded alternatively to meet the
microbial N demand. Based on these findings we conclude that processes of microbial
N cycling in grasslands are largely governed by microbial substrate stoichiometry. Our
study demonstrates the importance of stoichiometric regulation for microbial element
cycling in grassland soils, in particular under changing N and P availabilities.
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Table S1: Total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and their molar element ratios in 0-15 and 15-30 cm soil depth in
the control, N, P, and NP treatment at the six grassland sites. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth because of
limited soil depth. Numbers depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons.
Lower-case letters indicate significant differences between treatments tested separately for each site and depth increment. Asterisks indicate significant
differences between depth increments tested individually for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

TOC

(g C kg−1 )

cdcr.us1 9.4 ± 1.1a 15.7 ± 8.8a 9.0 ± 0.3a 11.0 ± 3.4a 5.2 ± 1.1a 10.4 ± 7.8a 4.4 ± 0.5a* 5.8 ± 2.1a
cbgb.us 7.2 ± 2.8a 8.2 ± 0.5a 6.9 ± 2.3a 7.4 ± 2.4a 4.1 ± 0.5a* 5.1 ± 0.2a* 4.0 ± 1.2a 4.1 ± 0.9a*
hero.uk 36.7 ± 6.8a 36.7 ± 6.1a 36.5 ± 1.8a 37.0 ± 7.7a 24.4 ± 3.5a* 24.5 ± 4.2a* 25.6 ± 4.7a* 23.9 ± 4.4a*
rook.uk 24.3 ± 2.6a 28.7 ± 3.2a 26.9 ± 1.2a 24.9 ± 2.2a 10.5 ± 1.5a* 12.8 ± 1.3a* 11.6 ± 1.3a* 10.1 ± 0.7a*
summ.za2 49.1 ± 3.0a 51.1 ± 2.2a 51.7 ± 3.0a 51.7 ± 1.9a NA NA NA NA
ukul.za 42.0 ± 2.0a 42.5 ± 0.8a 44.4 ± 0.5a 45.7 ± 0.8a 37.5 ± 3.6a 3.2.0 ± 4.4a* 34.8 ± 5.3a* 36.4 ± 0.6a*

TN

(g N kg−1 )

cdcr.us1 0.7 ± 0.1a 1.1 ± 0.6a 0.6 ± 0.1a 0.8 ± 0.3a 0.3 ± 0.1a* 0.7 ± 0.5a 0.3 ± 0.1a 0.4 ± 0.1a*
cbgb.us 0.6 ± 0.2a 0.8 ± 0.1a 0.6 ± 0.2a 0.7 ± 0.2a 0.4 ± 0.1a* 0.5 ± 0.1a* 0.4 ± 0.1a* 0.4 ± 0.2a*
hero.uk 3.1 ± 0.7a 3.1 ± 0.5a 3.0 ± 0.2a 3.1 ± 0.8a 2.1 ± 0.3a* 2.1 ± 0.3a 2.1 ± 0.4a 2.0 ± 0.4a*
rook.uk 2.1 ± 0.2ab 2.4 ± 0.3a 2.2 ± 0.1ab 2.0 ± 0.1b 1.0 ± 0.1a* 1.2 ± 0.1a** 1.0 ± 0.2a* 0.9 ± 0.1a*
summ.za2 2.8 ± 0.2a 3.0 ± 0.4a 2.9 ± 0.3a 3.0 ± 0.1a NA NA NA NA
ukul.za 2.9 ± 0.3a 3.1 ± 0.3ab 3.3 ± 0.1ab 3.4 ± 0.1b 2.6 ± 0.2a 2.4 ± 0.2a* 2.6 ± 0.3a* 2.7 ± 0.1a*

TP

(g P kg−1 )

cdcr.us1 0.31 ± 0.03a 0.46 ± 0.24a 0.58 ± 0.09a 0.56 ± 0.11a 0.24 ± 0.03a 0.40 ± 0.19a 0.36 ± 0.04a 0.38 ± 0.06a
cbgb.us 0.28 ± 0.02a 0.24 ± 0.05a 0.43 ± 0.04b 0.41 ± 0.06b 0.24 ± 0.03a 0.24 ± 0.02a 0.34 ± 0.03b* 0.35 ± 0.07b*
hero.uk 0.62 ± 0.16a 0.57 ± 0.07a 0.93 ± 0.13a 0.96 ± 0.28a 0.54 ± 0.15a 0.48 ± 0.06a 0.55 ± 0.17a* 0.62 ± 0.25a*
rook.uk 0.38 ± 0.01a 0.38 ± 0.04a 0.60 ± 0.06b 0.61 ± 0.14b 0.27 ± 0.01a* 0.31 ± 0.04a 0.32 ± 0.03a* 0.31 ± 0.04a*
summ.za2 0.37 ± 0.01a 0.49 ± 0.18a 0.60 ± 0.33a 0.83 ± 0.7a NA NA NA NA
ukul.za1 0.45 ± 0.02a 0.46 ± 0.08a 1.33 ± 0.12b 1.20 ± 0.15b 0.39 ± 0.02a 0.38 ± 0.04a 0.74 ± 0.25b* 0.58 ± 0.01b*

TOC:TN

ratio

cdcr.us1 15.6 ± 0.7a 16.3 ± 3.1a 17.1 ± 0.8a 15.6 ± 0.2a 17.6 ± 2.5a 17.5 ± 2.9a 15.6 ± 1.2a 16.4 ± 2.4a
cbgb.us 12.7 ± 1.1a 12.4 ± 0.5a 13.1 ± 1.2a 12.7 ± 0.7a 12.5 ± 0.4a 12.0 ± 0.4a 13.1 ± 1.1a 12.5 ± 0.3a
hero.uk 13.7 ± 0.6a 13.8 ± 0.2a 14.4 ± 0.1a 14.2 ± 0.1a 13.4 ± 0.3a 13.5 ± 0.4a 14.0 ± 0.4a 13.7 ± 0.5a
rook.uk 13.8 ± 0.4a 14.0 ± 0.3a 14.4 ± 0.3a 14.3 ± 0.7a 12.8 ± 0.9a 13.0 ± 0.3a 13.0 ± 0.7a 13.6 ± 0.9a
summ.za2 20.5 ± 0.7a 20.0 ± 2.1a 20.9 ± 1.3a 20.3 ± 0.1a NA NA NA NA
ukul.za 17.0 ± 0.9a 15.9 ± 1.0a 15.7 ± 0.7a 15.7 ± 0.1a 16.8 ± 0.6a 15.4 ± 1.5a 15.8 ± 0.8a 15.9 ± 0.4a

TN:TP

ratio

cdcr.us 5.0 ± 0.3a 5.5 ± 0.9a 2.4 ± 0.5b 3.2 ± 0.6b 3.2 ± 0.4a* 3.4 ± 1.2a* 2.0 ± 0.3a 2.3 ± 0.3a
cbgb.us 5.1 ± 1.9ab 7.1 ± 1.1a 3.1 ± 0.8b 3.7 ± 1.0b 3.6 ± 0.5a 4.7 ± 0.4a* 2.3 ± 0.9a 2.5 ± 1.0a
hero.uk 11.3 ± 1.7a 11.9 ± 0.9a 7.1 ± 1.0b 7.2 ± 1.0b 3.0 ± 1.7a* 9.7 ± 0.9a 8.8 ± 0.9a* 7.6 ± 1.8a*
rook.uk 12.1 ± 0.7a 14.2 ± 0.8a 8.1 ± 0.9b 7.7 ± 1.9b 7.8 ± 1.1a* 8.2 ± 0.4a* 7.2 ± 1.6a 6.7 ± 0.7a
summ.za2 16.7 ± 0.7a 14.9 ± 5.7a 12.5 ± 4.9a 8.0 ± 0.7a NA NA NA NA
ukul.za 14.2 ± 0.9a 15.3 ± 1.5a 5.5 ± 0.3b 6.3 ± 0.8b 14.8 ± 0.4a 14.2 ± 2.2a 8.0 ± 1.6b* 10.1 ± 0.2b*

1 Data were LOG10 transformed
2 One-Way ANOVA and Tukey test were performed
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Table S2: Dissolved organic carbon (DOC), dissolved nitrogen (DN), dissolved inorganic phosphorus (DIP) concentrations, molar DOC:DN ratio, and
N-NO3 concentrations in 0-15 and 15-30 cm depth in the sampled soils. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth.
Numbers depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters
indicate significant differences between treatments separately tested for each site and depth increment. Asterisks indicate significant differences between
depth increments separately tested for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl. +N +P +NP Ctrl. +N +P +NP

DOC

(mg C kg−1 )

cdcr.us 15 ± 0.4a 20 ± 4.8b 20 ± 1.1b 24 ± 2.6b 11 ± 0.6a 12 ± 2.0a* 12 ± 0.3a* 15 ± 1.3a*
cbgb.us 18 ± 2.7a 22 ± 4.1a 18 ± 2.1a 22 ± 1.6a 15 ± 1.6a 22 ± 3.4a 20 ± 5.6a 20 ± 1.6a
hero.uk 29 ± 2.6a 30 ± 3.4a 36 ± 1.2ab 40 ± 4.1b 19 ± 1.2a* 22 ± 4.2a* 23 ± 3.0a* 25 ± 3.9a*
rook.uk 23 ± 2.7a 29 ± 7.5ab 44 ± 8.3c 36 ± 3.5bc 15 ± 1.5a 16 ± 3.1a* 19 ± 1.0a* 18 ± 1.0a*
summ.za1 98 ± 3a 98 ± 9a 102 ± 10a 100 ± 1a NA NA NA NA
ukul.za 115 ± 7a 108 ± 15a 127 ± 6a 152 ± 34a 127 ± 33a 201 ± 52ab* 238 ± 14b* 217 ± 66b*

DN

(mg N kg−1 )

cdcr.us2 3.2 ± 4.4a 32.9 ± 15.6b 2.7 ± 2.1a 13.4 ± 2.9b 1.8 ± 1.5a 10.0 ± 1.0b 2.1 ± 1.5a 7.0 ± 2.1ab
cbgb.us 4.1 ± 3.1a 12.0 ± 1.4b 4.7 ± 1.9a 12.1 ± 3.9b 2.6 ± 2.2a 5.0 ± 2.8a* 2.9 ± 1.1a 4.8 ± 2.1a*
hero.uk 12.9 ± 3.6a 17.1 ± 3.9a 11.1 ± 3.5a 14.6 ± 8.7a 9.7 ± 3.8a 10.3 ± 0.8a 11.9 ± 4.4a 8.9 ± 3.2a
rook.uk 14.2 ± 2.7ab 14.7 ± 3.2b 10.9 ± 0.4ab 10.3 ± 1.2a 4.2 ± 2.4a* 3.8 ± 1.0a* 2.9 ± 0.8a* 4.0 ± 0.8a*
summ.za1 5.0 ± 0.1a 19.8 ± 5.0b 5.1 ± 0.2a 15.9 ± 3.1b NA NA NA NA
ukul.za 7.3 ± 0.3a 43.2 ± 11.2b 9.9 ± 5.0a 34.4 ± 5.7b 5.5 ± 1.1a 17.3 ± 4.9ab* 14.1 ± 3.3ab 19.5 ± 5.3b*

DIP

(mg P kg−1 )

cdcr.us 2 0.16 ± 0.12a 0.13 ± 0.06a 13.37 ± 2.76b 12.29 ± 3.55b 0.06 ± 0.03a* 0.04 ± 0.01a* 4.19 ± 0.55b* 5.01 ± 0.89b*
cbgb.us2 0.37 ± 0.08a 0.25 ± 0.19a 7.67 ± 1.23b 11.1 ± 3.18b 0.13 ± 0.08a* 0.11 ± 0.05a 7.02 ± 3.11b 6.96 ± 1.91b
hero.uk2 0.04 ± 0.01a 0.04 ± 0.01a 1.64 ± 0.85b 1.15 ± 0.72b 0.02 ± 0.01a* 0.03 ± 0.01ab 0.04 ± 0.01ab* 0.06 ± 0.01b*
rook.uk2 0.02 ± 0.01a 0.03 ± 0.01a 1.25 ± 0.88b 1.22 ± 1.20b 0.02 ± 0.01a 0.02 ± 0.01a 0.04 ± 0.03a* 0.06 ± 0.02a*
summ.za1 0.05 ±0.04a 0.10 ± 0.02ab 0.25 ± 0.09b 0.27 ± 0.12b NA NA NA NA
ukul.za2 0.10 ± 0.07a 0.12 ± 0.04a 1.43 ± 0.19b 1.10 ± 0.25b 0.13 ± 0.05a 0.05 ± 0.05a* 2.09 ± 1.58b 0.92 ± 0.24b

DOC:DN ratio

cdcr.us 18.1 ± 13.1a 0.8 ± 0.2b 12.2 ± 7.5a 2.1 ± 0.2b 10.0 ± 5.5a 1.4 ± 0.1b 9.6 ± 5.7ab* 2.7 ± 0.8b*
cbgb.us 8.1 ± 6.0a 2.1 ± 0.2b 4.9 ± 1.8ab 2.3 ± 0.7b 10.1 ± 5.8a 5.9 ± 2.0a 8.8 ± 4.3a 5.6 ± 2.3a
hero.uk 2.7 ± 0.4a 2.1 ± 0.3a 4.0 ± 1.3a 4.2 ± 2.8a 2.6 ± 1.2a 2.5 ± 0.3a 2.5 ± 0.8a 3.5 ± 0.9a
rook.uk 2.0 ± 0.6 a 2.3 ± 0.3a 4.6 ± 0.7b 4.0 ± 0.1ab 5.1 ± 2.3a* 4.8 ± 0.3a* 8.1 ± 2.1a* 5.4 ± 1.4a
summ.za1 22.9 ± 0.8a 6.0 ± 1.4b 23.2 ± 1.9a 7.5 ± 1.5b NA NA NA NA
ukul.za 18.2 ± 0.8a 3.0 ± 0.6b 17.8 ± 9.0a 5.3 ± 1.5b 27.0 ± 1.9a* 14.8 ± 6.8b* 20.3 ± 4.3a 13.0 ± 1.7ab*

N-NO3

(mg N kg−1 )

cdcr.us 0.3 ± 0.5a 29.7 ± 12.9c 1.5 ± 2.1a 11.6 ± 2.8b 1.4 ± 1.4a 8.8 ± 0.9a 1.5 ± 1.4a 5.9 ± 1.9a
cbgb.us 3.0 ± 2.9a 10.3 ± 1.3b 3.4 ± 1.9a 10.4 ± 3.9ab 2.0 ± 2.0a 3.8 ± 2.5a* 1.8 ± 1.1a 3.5 ± 1.9a*
hero.uk 11.3 ± 3.2a 16.4 ± 4.2a 9.5 ± 4.1a 13.5 ± 9.7a 8.7 ± 3.7a 9.1 ± 0.8a 10.8 ± 4.3a 7.6 ± 3.1a
rook.uk 14.1 ± 3.1ab 14.5 ± 3.1a 9.9 ± 0.8b 9.3 ± 1.1b 3.7 ± 2.4a* 3.2 ± 0.8a* 2.2 ± 0.9a* 3.3 ± 0.9a*
summ.za1 0.4 ± 0.0a 12.4 ± 2.7b 0.4 ± 0.0a 9.4 ± 2.1b NA NA NA NA
ukul.za 3.8 ± 0.1a 38.5 ± 10.0b 5.3 ± 4.3a 28.5 ± 4.5b 1.8 ± 0.8a 10.6 ± 6.4a* 4.5 ± 2.9a 10.5 ± 2.5a*

1 One-Way ANOVA and Tukey test were performed
2 Data were LOG10 transformed
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Table S3: Microbial biomass carbon (MBC), net N mineralization (Nmin), non-symbiotic N2 fixation (Nfix) and leucine-aminopeptidase activity per unit
MBC (qLAP) in 0-15 and 15-30 cm soil depth in the control, N, P, and NP treatment at the six grassland sites. The soil at the site Summerveld (summ.za)
was only sampled in 0-15 cm depth. Numbers depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for
multiple comparisons. Lower-case letters indicate significant differences between treatments separately tested for each site and depth increment. Asterisks
indicate significant differences between depth increments separately tested for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

MBC

(mg C kg−1 )

cdcr.us 163 ± 63a 235 ± 44a 193 ± 9a 169 ± 99a 119 ± 103a 100 ± 47a* 46 ± 31a* 134 ± 124a
cbgb.us 175 ± 61a 121 ± 23a 168 ± 51a 148 ± 100a 61 ± 15a* 119 ± 35a 69 ± 43a 142 ± 118a
hero.uk 662 ± 116a 603 ± 70a 638 ± 51a 591 ± 85a 526 ± 8a 363 ± 61ab* 298 ± 73b* 352 ± 76ab*
rook.uk 651 ± 35a 588 ± 49a 507 ± 210a 746 ± 88a 351 ± 46a* 317 ± 94a* 248 ± 176a* 342 ± 248a*
summ.za1 843 ± 133a 769 ± 111a 928 ± 278a 699 ± 16a NA NA NA NA
ukul.za 1005 ± 134a 767 ± 196a 819 ± 157a 852 ± 71a 488 ± 93a* 444 ± 85a* 502 ± 113a* 549 ± 66a*

Net N min

(mg N kg−1 d−1)

cdcr.us 0.09 ± 0.06a 0.25 ± 0.03b 0.16 ± 0.03a 0.28 ± 0.07b 0.06 ± 0.01a 0.11 ± 0.02a* 0.07 ± 0.02a* 0.13 ± 0.01a*
cbgb.us 0.15 ± 0.02a 0.24 ± 0.03bc 0.18 ± 0.02ab 0.25 ± 0.03c 0.07 ± 0.02a* 0.10 ± 0.04a* 0.10 ± 0.02a* 0.10 ± 0.02a*
hero.uk 0.48 ± 0.31a 0.40 ± 0.11a 0.42 ± 0.03a 0.44 ± 0.19a 0.21 ± 0.06a 0.18 ± 0.04a 0.18 ± 0.17a* 0.18 ± 0.02a
rook.uk 0.38 ± 0.07a 0.36 ± 0.05a 0.34 ± 0.02a 0.36 ±0.03a 0.07 ± 0.05a* 0.09 ± 0.06a* 0.06 ± 0.05a* 0.04 ± 0.04a*
summ.za1 0 0.86 ± 0.04 0 0.81 ± 0.04 NA NA NA NA
ukul.za2 0.03 ± 0.04a 0.52 ± 0.14b 0.09 ± 0.08a 0.54 ± 0.03b 0.11 ± 0.06a 0.41 ± 0.23b 0.13 ± 0.09a 0.62 ±0.01b

N2 fixation

(ng N g−1 d−1)

cdcr.us 0.69 ± 0.11c 1.02 ± 0.51a 1.08 ± 0.20a 0.79 ± 0.26a 1.05 ± 0.25ab 1.74 ± 0.23ab* 1.87 ± 0.34b* 0.80 ± 0.69a
cbgb.us 0.69 ± 0.12a 0.50 ± 0.16a 0.84 ± 0.32a 0.92 ± 0.35a 1.03 ± 0.16a 0.95 ± 0.47a 1.32 ± 0.60a 1.21 ± 0.19a
hero.uk 0.95 ± 0.15a 0.73 ± 0.32a 0.32 ± 0.27a 2.04 ± 0.73b 0.78 ± 0.09a 0.32 ± 0.30a 0.36 ± 0.14a 0.24 ± 0.25a*
rook.uk 0.25 ± 0.19a 0.13 ± 0.13a 0.47 ± 0.17a 0.31 ± 0.06a 0.55 ± 0.15a* 0.50 ± 0.16a* 0.61 ± 0.09a 0.58 ± 0.17a*
summ.za1 2.43 ± 1.61a 1.61 ± 0.34a 4.55 ± 1.69a 5.71 ± 3.01a NA NA NA NA
ukul.za 1.70 ± 2.02ab 0.59 ± 0.54a 3.29 ± 1.31b 3.64 ± 0.94ab 1.53 ± 0.46ab 0.64 ± 1.07a 4.66 ± 4.38b 1.83 ± 0.58ab

qLAP

(mol g MBC−1 h−1)

cdcr.us 348 ± 238a 230 ± 119a 266 ± 78a 242 ± 52a 354 ± 152a 502 ± 42ab* 724 ± 160b* 294 ± 160a
cbgb.us 327 ± 81a 470 ± 73a 253 ± 41a 383 ± 185a 221 ± 83a 213 ± 61a* 339 ± 43a 148 ± 19a*
hero.uk 154 ± 53a 167 ± 32a 213 ± 64a 277 ± 121a 135 ± 12a 218 ± 22a 348 ± 80a* 270 ± 71a
rook.uk 22 ± 8a 25 ± 5a 31 ± 13a 25 ± 8a 31 ± 9a 47 ± 25ab 70 ± 35b* 44 ± 30ab
summ.za1 53 ± 25a 40 ± 14a 65 ± 37a 68 ± 27a NA NA NA NA
ukul.za3 231 ± 57a 157 ± 11a 207 ± 102a 153 ± 41a 141 ± 42a 131 ± 50a 133 ± 57a 111 ± 9a

1 One-Way ANOVA and Tukey test were performed
2 Data were LOG10 transformed
3 Data were reciprocally transformed (1/x)
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Table S4: Regression coefficients, model R², and p-value of the linear mixed-effects models of net N mineralization, non-symbiotic N2 fixation, and leucine-
aminopeptidase activity per unit microbial biomass carbon (qLAP) of all treatments and sites in 0-15 cm depth. Regression coefficients were selected by
multi-model selection and standardized prior to analysis. R² is the conditional R² according to Nakagawa and Schielzeth (2013). Estimation, standard
error, and p-value of each standardized regression coefficient are displayed.

Net N mineralization N2 fixation qLAP
Coefficients Estimation Std. Error p-value Coefficients Estimation Std. Error p-value Coefficients Estimation Std. Error p-value

(Intercept) 0.32 0.04 <0.001*** (Intercept) 1.41 0.25 <0.001*** (Intercept) 0.18 0.01 <0.001***
DN 0.21 0.04 <0.001*** TOC:TP ratio 1.12 0.36 0.002** MAT -0.16 0.02 <0.001***
Plant biomass -0.09 0.04 0.015* DOC:DIP ratio 0.69 0.22 0.002** pH 0.15 0.03 <0.001***
pH -0.18 0.05 <0.001*** MAP 0.06 0.03 0.057.

Conditional R² 0.89 0.83 0.61
Model p-value <0.001 <0.001 <0.001
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Figure S1: Changes in total soil element concentrations in 0-15 cm (n=54) and 15-30 cm
(n=45) in response to N and P addition across all six sites. Changes in variables were calculated
by subtracting the control from the treatment. Soil element concentrations include total organic
C (TOC) (a b), total N (TN) (c d), and total P (TP) (e f). Colored circles and squares (+N
in blue, +P in red, and +NP in purple) represent the mean value ± SD for each treatment in
0-15 cm and in 15-30 cm. Linear mixed-effects models were performed with treatment as fixed
factor and random intercepts for sites followed by Tukey-post-hoc test for multiple comparisons.
Significant differences (p < 0.05) between treatments (N, P, and NP) are indicated by lower-case
letters, while asterisks (*) indicate a significant difference (p < 0.05) between treatments and
the control. The mean value of the control is illustrated with the grey line (Ctrl = 0).
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Figure S2: Changes in aboveground net primary productivity (ANPP) (a) and relationship
between dissolved organic C (DOC) concentrations and ANPP (b) depending on single and
combined N and P addition in the six studied grassland sites. Variables (DOC and ANPP) were
calculated as response ratios (RR: treatment/control). For panel (a): Box plots show the median
(black line), the 25th and the75th percentile (box edges) and the 10th and the 90th percentile
(error bars). Linear mixed-effects models were performed with treatment as fixed factor and
random intercepts for sites. Significant differences (p < 0.05) between treatments (N, P, and
NP) are indicated by lower-case letters, while asterisks (*) indicate a significant difference (p <
0.05) between a treatment and the control (indicated by the grey line).
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Abstract

Microorganisms mobilize phosphorus (P) in soil by solubilizing bound inorganic P from
soil minerals and by mineralizing organic P via phosphatase enzymes. Nitrogen (N)
inputs are predicted to increase through human activities and shift plants to be more P
limited, increasing the importance of P mobilization processes for plant nutrition. We
studied how the relative abundance of P-solubilizing bacteria (PSB), PSB community
composition, and phosphatase activity respond to N and P addition (+N, +P, +NP)
in grassland soils spanning large biogeographic gradients. The studied soils are located
in South Africa, USA, and UK and part of a globally coordinated nutrient addition
experiment. We show that the abundance of PSB in the topsoil was reduced by 18% in
the N and by 41% in the NP treatment compared to the control. In contrast, phosphatase
activity was significantly higher in the N treatment than in the control across all soils.
Soil C:P ratio, sand content, pH, and water-extractable P together explained 71% of the
variance of the abundance of PSB across all study sites and all treatments. Further, the
community of PSB in the N and NP addition treatment differed significantly from the
control. Taken together, this study shows that N addition reduced the relative abundance
of PSB, altered the PSB community, and increased phosphatase activity, whereas P
addition had no impact. Increasing atmospheric N deposition may therefore increase
mineralization of organic P and decrease solubilization of bound inorganic P, possibly
inducing a switch in the dominant P mobilization processes from P solubilization to P
mineralization.
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2.4.1 Introduction

The availability of reactive nitrogen (N) has strongly increased during the last century
through anthropogenic activities (Schlesinger, 2009) and is not paralleled by a similar
increase in phosphorus (P) inputs to terrestrial ecosystems (Peñuelas et al., 2013). This
imbalance between N and P inputs might shift plant productivity in grasslands towards
P limitation (Elser et al., 2007). Therefore, it is important to understand processes of
microbial P mobilization such as mineralization of organic P and solubilization of bound
inorganic P, which maintain plant P nutrition. A key knowledge gap is the role that N
supply plays in P mobilization processes and how N affects the community composition
of P-solubilizing bacteria (PSB).

Plants and microorganisms mineralize organic P through the release of phosphatase
enzymes that catalyze the hydrolysis of organic P, and turn organic P into inorganic
P, which can be taken up by plants. The production of phosphatase enzymes depends
on soil organic matter content, soil pH, plant and microbial nutrient demand, and, in
particular, on N availability (Olander and Vitousek, 2000; Sinsabaugh et al., 2008).
Hence, N addition often increases phosphatase activity (Heuck et al., 2018; Marklein
and Houlton, 2012). In contrast, inorganic P addition can reduce phosphatase activity
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in soils because organisms stop producing phosphatase when supplied with inorganic P
(Marklein and Houlton, 2012; Olander and Vitousek, 2000; Sinsabaugh et al., 2008).

Soil P solubilization is defined as the mobilization of inorganic P bound to soil min-
erals, of which most are apatites, leading to a release of plant available P into the soil
solution (Hinsinger, 2001; Walpola and Yoon, 2012). Different mechanisms for P solubi-
lization are known, which include the release of protons, chelation, exchange reactions,
and production of various acids (Jones and Oburger, 2011; Walpola and Yoon, 2012).
One of the main processes of P solubilization is acidification through the release of pro-
tons, which can be accelerated by plant and microorganisms (Hinsinger, 2001; Jones and
Oburger, 2011). Furthermore, plants and microorganisms can stimulate P dissolution by
the release of organic acids, exopolysaccharides, and siderophores (Jones and Oburger,
2011; Reid et al., 1985; Yi et al., 2008).

Both P mineralization and P solubilization likely underlie stoichiometric constraints,
because microbes need N and organic C to produce phosphatases. Further they need
organic compounds as a C source to produce acids and exopolysaccharides that solu-
bilize P (Spohn, 2016). Moreover, the production of these compounds requires N for
transcription and translation. Yet, the effect of N and P availability on P solubilization
and the abundance of PSB has rarely been studied (Lepleux et al., 2013; Mander et al.,
2012; Nicolitch et al., 2016). In a temperate beech forest, PSB were significantly more
abundant in nutrient-poor than in nutrient-rich soils (Nicolitch et al., 2016), and PSB
were significantly more abundant in unfertilized soils than in soils fertilized with P in
three long-term grassland fertilizer trials in New Zealand (Mander et al., 2012). These
studies suggest that the abundance of PSB is enhanced in nutrient-poor soils and sup-
pressed by P addition, however, it is not clear yet how increasing N supply with and
without P influences the abundance of PSB. Since N addition might increase P demand
and N is required for the production of solubilizing compounds, we expect an increase of
PSB under N addition.

While it has frequently been reported that N and P addition can shift the overall
microbial community composition (Fierer et al., 2012; Leff et al., 2015), few studies
have been conducted with regard to PSB communities. Several bacterial genera such
as Pseudomonas, Burkholderia, Bacillus, Enterobacter, Erwinia, Serratia, Acinetobacter,
and Rhizobium are able to solubilize P (Rodrıguez and Fraga, 1999). Under nutrient de-
ficiency, PSB belonging to the genera Collimonas, Burkholderia, and Kitasatospora were
more abundant than under high nutrient supply (Nicolitch et al., 2016). Furthermore,
long-term P fertilization altered the abundance of Actinobacteria, Pseudomonadaceae,
and Moraxellaceae (Mander et al., 2012). However, little is known about PSB commu-
nity changes under single and combined N and P addition.

Here, we use a standardized nutrient-addition experiment at six grassland sites in
South Africa, the USA, and the UK to investigate the effects of N and P additions on
P mobilization in soil. Specifically, we used a dual approach investigating indicators of
P solubilization from minerals (abundance of PSB) and P mineralization from organic
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matter (phosphatase activity). We studied how single and combined addition of N and P
affects the relative abundance of PSB, community composition of PSB, and phosphatase
activity. We hypothesized that i) P addition decreases the relative abundance of PSB
and phosphatase activity ii) N addition increases the relative abundance of PSB and
phosphatase activity, and iii) N, P, and NP additions alter the community composition
of PSB.

2.4.2 Materials and Methods

2.4.2.1 Sampling Sites and Experimental Design

We sampled soil at six grassland sites located in South Africa, the USA, and the UK
(Table 1 and Supplement A) belonging to a globally replicated experiment (Nutrient Net-
work, Borer et al., 2014). The sites were chosen because they span large biogeographical
gradients (Tables 1, 2) and represent some of the major types of grasslands that exist
globally. To understand interactions between N and P supply and to test whether P
availability influences P mobilization processes, we analyzed not only effects of N ad-
dition, but also independent and interactive effects of N and P addition. We sampled
the soil in four different treatments, namely control, +N, +P, and +NP. Nutrients were
applied annually to the experimental plots at the beginning of the growing season: 10
g m−2 yr−1 as time-release urea ((NH2)2CO), and 10 g m−2 yr−1 as triple-super phos-
phate (Ca(H2PO4)2), and the nutrient addition treatment had been in place for at least
7 years at the time of sampling (2017). The added amount of N and especially P in
our study is higher than current levels of atmospheric deposition based on two reasons.
First, to identify differences between the control and the treatments, the nutrient ad-
ditions needed to be significantly larger than current atmospheric deposition. Second,
the nutrient addition treatments needed to be high enough to identify changes in a field
experiment against a background that changes due to heterogeneity in soil properties.
The experimental design is a randomized block design and each treatment was applied to
5 × 5m plots and replicated three times at each site. Further details of the experimental
design are explained in Borer et al. (2014).

2.4.2.2 Sampling and Sample Preparation

At all sites, samples were collected at the end of the vegetation period in 2017 (February
in South Africa, September in the USA, and October in the UK). Soil samples were
collected from two depth increments (0–15 cm, 15–30 cm, both located in the A horizon
of each soil), except for Summerveld (summ.za), where only the first depth increment
was sampled because the soil was very shallow. Six soil samples were taken per plot using
a 3.5 cm diameter soil corer, and the samples were combined into one mixed sample per
plot. Samples were shipped to the University of Bayreuth within 1 week after sampling.
Soils were sieved (< 2mm) and stones and roots were removed.
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Table 1: Site name, site code, country, habitat, elevation, latitude, longitude, mean annual precipitation (MAP), mean annual temperature (MAT), and
the duration of the nutrient addition treatments of the six grassland sites.

Site name Site code Country Habitat Elevation Latitude Longitude MAP MAT Nutrient addition
(m) (mm) (°C) (years)

Ukulinga ukul.za South Africa Mesic grassland 843 -29.67 30.4 838 18 7
Summerveld summ.za South Africa Mesic grassland 679 -29.81 30.72 809 18 7
Cedar Creek cdcr.us USA Tallgrass prairie 270 45.43 -93.21 800 6 9
Chichaqua Bottoms cbgb.us USA Tallgrass prairie restored 275 41.79 -93.39 891 9 7
Rookery rook.uk UK Mesic grassland 60 51.41 -0.64 678 10 9
Heron’s Brook hero.uk UK Mesic grassland 60 51.41 -0.64 678 10 9
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To determine water content and water holding capacity, an aliquot of the samples was
weighted, soaked with water, drained for 24 h in a sand bath and weighted again before
and after drying at 105 °C. After sieving, water holding capacity was adjusted to 60% and
samples were pre-incubated for 1 week at 15 °C for subsequent measurements (i.e., soil
water extracts, and phosphatase activity). Samples for total C, N, and P concentration
analyses were dried at 60 °C and subsequently milled using a ball mill.

2.4.2.3 Soil Chemical Parameters

Soil pH was measured in deionized water in a soil:water ratio of 1:2.5. Soil samples were
dried at 60 °C and milled before measuring total organic C (TOC) and total N (TN) using
an element analyzer (Vario Max Elementar, Hanau, Germany) and total P (TP) using
ICP-OES (Vista-Pro radial, Varian) after a pressure digestion in aqua regia. Dissolved
organic carbon (DOC), dissolved nitrogen (DN), and dissolved inorganic phosphorus
(DIP) were extracted from 20 g of soil (dry-mass equivalent) in 80ml deionized water by
shaking for 1 h. Subsequently, the extracts were passed through 0.45 µm cellulose acetate
filters and quantified (TOC, TN: TOC:TN Analyzer, multi N/C 2100, Jena Analytics,
Germany, and DIP: UV 1800, Shimadzu). Adsorbed P (Bray-1 P) was extracted from 4
g of soil (dry-mass equivalent) in 40 ml Bray-1 solution (0.03 M NH4F + 0.025 M HCl)
(Bray and Kurtz, 1945) and was determined colorimetrically by a multi-plate reader
(Infinite R 200 PRO, TECAN), using the molybdenum blue method (Murphy and Riley,
1962). Total organic phosphorus (TOP) was determined by the ignition method according
to Saunders and Williams (1955) modified by Walker and Adams (1958). An aliquot of
each sample was ignited at 550 °C in a muffle furnace. Both ignited and non-ignited
aliquots were extracted in 0.5 M H2SO4 for 16 h on a horizontal shaker followed by
centrifugation at 1,500 x g for 15 min. TOP was calculated as the difference between
ignited and non-ignited samples. Phosphorus fractions were measured according to the
Hedley fractionation (Hedley et al., 1982) modified by Tiessen and Moir (2007). Dried
soil samples of the control were milled and 0.5 g soil and 30 ml deionized water were
shaken for 16 h on an overhead shaker and centrifuged at 4,100 x g for 15 min. Inorganic
P in water extracts was measured colorimetrically by a multi-plate reader using the
molybdenum blue method. The remaining soil was subsequently extracted in 30 ml 0.5
M NaHCO3 (labile P), followed by an extraction with 30 ml 0.1 M NaOH (occluded P),
and 30 ml 1 M HCl (apatite P). Total P of NaHCO3, NaOH, and HCl extracts were
measured using ICP-OES. Residual P was calculated by subtracting all P fractions from
TP.

2.4.2.4 Soil Microbial Biomass C and Microbial Community Composition

Microbial biomass C was determined using the chloroform fumigation-extraction method
(Vance et al., 1987). Each soil sample was split into two samples, of which one was
fumigated. Fumigated and non-fumigated samples were extracted in 0.5 M K2SO4 in a
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ratio of 1:5 (soil:extractant, m/v). Total C was measured by a TOC:TN Analyzer (multi
N/C 2100, Analytik Jena, Jena, Germany). To calculate the concentration of microbial
biomass C, the concentration of C in the non-fumigated sample was subtracted from the
one in the fumigated sample and multiplied by a conversion factor of 2.22 (Jenkinson et
al., 2004).

For analysis of microbial community composition, DNA was extracted from 250 to
500 mg soil samples using the Nucleo-Spin Soil kit (No. 740780, Macherey-Nagel) as de-
scribed in Heuck et al. (2015). Automated ribosomal intergenic spacer analysis (ARISA;
Fisher and Triplett, 1999) was adopted to analyze bacterial and fungal communities
in parallel as follows: Ribosomal intergenic spacers/internal transcribed sequences were
PCR-amplified in two separate reactions using bacteria specific primers (ITSF and IT-
SReub; Cardinale et al., 2004) and fungi-specific primers (ITS1F-Z and ITS2; White et
al., 1990; Weig et al., 2013), respectively. Five nanogram metagenomic DNA was used
in a 12.5 µl PCR volume as previously described (Weig et al., 2013). The ITSF forward
primer was labeled with fluorescent dye BMN-6 and the ITS1F-Z forward primer was
labeled with fluorescent dye BMN-5 (Biomers, Ulm, Germany). Bacterial and fungal
ARISA PCR products were separated independently on the Fragment Analyzer capillary
electrophoresis instrument (Agilent, Waldbronn, Germany) equipped with a long capil-
lary array (55 cm). Two µl of ARISA PCR products were used for the double-stranded
DNA kit DNF-910 (Agilent) and separated on the Fragment Analyzer using default
specifications defined in the DNF-910 method file accompanying the instrument. The
electropherograms of each sample were manually inspected using the Prosize software
(v3, Agilent) and a peak table including size of fragments and peak intensity (RFU) was
exported for further analyses. For statistical analyses of the ARISA data, only fragments
between 200 and 1,000 bp in size were selected and analyzed by the Primer7 software (v
7.0.13, Primer-E Ltd.). PCR fragment profiles were compared between samples by the
shape of cumulative frequency curves independently for bacterial and fungal ITS ampli-
fication products: A matrix of the peak table (size in bp vs. peak intensity/RFU) for
all samples was imported in Primer 7 for bacterial and fungal data, respectively. Each
sample was then standardized to its own total value (total RFU) and a cumulative pro-
file (adding standardized peak values along ascending fragment size) was calculated for
each sample. Finally, a resemblance matrix was calculated from the cumulative profile
matrix using Manhattan distance (implemented in Primer 7) as resemblance measure.
Differences between microbial community signatures of different samples and sites were
tested by ANOSIM (One-way-analysis of similarities with 999 permutations).

2.4.2.5 Relative Abundance of P-Solubilizing Bacteria

To determine the relative abundance of PSB, 0.5 g of soil from the topsoil was mixed
with 49.5 ml of sterile water and shaken for 45 min. The relative abundance of PSB is
the proportion of colony-forming units (CFU, colonies that grow on the medium) able to
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solubilize P divided by the total number of CFU multiplied by 100. The soil suspension
was diluted by a factor of either 1,000 or 10,000 according to cell density assessed in
pre-experiments. An aliquot of the soil suspension was added to an agar plate containing
Pikovskaya (PVK) medium [10 g glucose, 5 g hydroxyapatite, 0.5 g (NH4)2SO4, 0.2 g
NaCl, 0.1 g MgSO4 * 7 H2O, 0.2 g KCl, 0.5 g yeast extract, 0.002 g MnSO4 * H2O, 0.002
g FeSO4 * 7 H2O, and 15 g agar per liter (Pikovskaya, 1948)]. Plates were incubated for
7 days at 20 °C before colonies were counted. At least 100 colony-forming units (CFU)
per soil sample were screened. If CFU are able to solubilize P from the hydroxyapatite
in the medium, a clear zone (halo) around the CFU becomes visible. If a halo with a
diameter > 1 mm was visible around a CFU, the isolate was classified as a strong PSB.
If a CFU produced a halo < 1 mm it was classified as weak PSB. However, it has to
be taken into account that the condition in our physiological assay favored fast-growing
bacteria. Thus, we might underestimate the P solubilization of slow-growing bacteria.

2.4.2.6 Sequencing of P-Solubilizing Bacteria and Processing of Sequence Data

Colonies of PSB were selected for sequencing and picked from the agar plate using sterile
toothpicks. Genomic DNA of the bacterial colonies was extracted using the “Nucle-
oMag 96 Tissue” kit (No. 744300, Macherey-Nagel) on a KingFisher liquid handling
platform (Thermo Scientific). Genomic DNA was diluted 100-fold with nuclease free
water and 16S fragments covering variable regions (V5–V8) were amplified using primers
799F (Chelius and Triplett, 2001) and 1391R (Walker and Pace, 2007). PCR products
were purified using the “NucleoMag 96 PCR” cleanup kit (No. 744100, Macherey-Nagel)
on a KingFisher liquid handling platform. PCR products were sequenced (Sanger se-
quencing, GATC Biotech) using primer 799F. Sequence data were analyzed in Geneious
sequence analysis software (v. 11; Biomatters Ltd.). The sequences were searched for
PCR primer sequences (799F and 1391R) and for low quality bases, which were excluded
from sequence database searches. Fragment size after quality trimming was 580 bp, some
fragments with high quality in most parts were shorter. Sequence similarity searches were
conducted against the nr/nt nucleotide database at NCBI as well as the 16S sequences
of the “NCBI RefSeq Targeted Loci Project”. 16S sequence alignments were calculated
by MAFFT (v. 7.388, Geneious plugin; Katoh and Standley, 2013). Sequences were
aligned in phylogenetic trees, which were edited using Evolview (He et al., 2016). In
total, 903 PSB isolates were sequenced and used for further analyses. The list of the
20 best matching sequence hits for each isolate was uploaded into PRIMER 7 (Clarke
and Gorley, 2015), standardized, cumulated, and clustered. Isolates, which had a con-
sensus of more than 99% in the cluster analysis, were considered as identical isolates.
After identification of identical isolates, a “consensus name” was assigned for each isolate
cluster according to Peršoh et al. (2010) called operational taxonomic unit (OTU) in
the following. For OTU assignment, we chose a taxonomic level that unified all names
under which the 20 best matching sequences with a consensus 97% to the respective
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isolate sequence were deposited. To this end, the name of the lowest common rank in the
nomenclatural hierarchy was chosen (Peršoh et al., 2010). Names for OTU assignment
were used as indicated in the NCBI database, although recently so-called environmental
bacteria of the genus Burkholderia have been transferred to the genus Paraburkholderia
(Dobritsa and Samadpour, 2016). Analyses of similarities (ANOSIM) based on the num-
ber of OTUs grouped by taxon were conducted in PRIMER 7 to check first, if sites have
a significant effect on PSB community and second, if treatments have a significant effect
on PSB community.

2.4.2.7 Phosphatase Activity

Phosphatase activity was determined using the fluorogenic substrate 4-methylumbelliferyl-
phosphate following German et al. (2011) and Herold et al. (2014). To this end, 1 g of
moist soil was mixed with 50 ml of sterile water and shaken for 20 min. Four replicates
of the soil homogenates were pipetted into black polystyrene 96-well microplates and
substrate solution was added. Microplates were covered and pre-incubated in the dark
at 15 °C for 30 min and measured fluorometrically after 0, 60, 120, and 180 min with
360 nm excitation and 460 nm emission filters (Herold et al., 2014) using a microplate
reader (Infinite R 200 PRO, TECAN). Enzyme activities were calculated according to
German et al. (2011), except that we used the slope of net fluorescence over time to
calculate enzyme activities. Fluorescence values were corrected for quenching of the soil,
fluorescence of the substrate, and fluorescence of the homogenate. Since we added a sub-
strate to our samples, potential enzyme activities were measured. Each time we mention
enzyme activities, potential enzyme activities are meant.

2.4.2.8 Statistics

To test whether differences between the treatments at one site and in one soil depth
increment were statistically significant, ANOVA followed by Tukey post-hoc test (p <
0.05) for multiple comparisons was used, if residuals were normally distributed (tested
with Shapiro-Wilks test, p > 0.05) and variances were homogenous (tested with Levene
test, p>0.05). If necessary, data were log-, or square root-transformed and retested.
To show the element concentrations and the P fractions of the different sites, we first

normalized element and P fraction data of all sites (TOC, TN, TP, TOC:TN ratio,
TOC:TP ratio, TN:TP ratio, DOC, DN, DIP, DOC:DN ratio, TOP, Bray-1 P, water-
extractable P, labile P, occluded P, apatite P, residual P, and soil pH) and calculated
an Euclidean distance matrix in PRIMER 7 (Clarke and Gorley, 2015) with 999 permu-
tations before nonmetric multi-dimensional scaling (nMDS) was perfomed. The nMDS
plot was overlaid by circles whose sizes reflect values of the TOC:TP ratios of all soils
and with vectors of the Pearson correlations of the variables, where the arrows show in
the direction of the highest correlation with the variables. Finally, one-way-ANOSIM
with 999 permutations was used to test, if nutrient concentrations significantly differ by
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site.
To test the effects of nutrient addition on relative PSB abundance and phosphatase

activity across all sites, a linear mixed-effects model as implemented in the R package
nlme (Pinheiro et al., 2018) was used. This approach was chosen because it allows to
show treatment effects among a set of sites spanning large biogeographical gradients.
Treatment was set as fixed factor and random intercepts were included for sites to adjust
for variability among them.
Finally, to examine the effects of climate and soil physical and chemical parameters as

predictors for the relative abundance of PSB at site level, multi-model selection according
to Grueber et al. (2011) was done to assess the relative importance of a range of covarying
factors. The global model was fitted with random intercepts for treatments at each site
to adjust for variations caused by them. Explanatory variables included in the global
model were TOC, TN, TP, soil TOC:TN ratio, soil TOC:TP ratio, soil TN:TP ratio,
DOC, DN, DIP, Bray-1 P, TOP, water-extractable P, labile P, occluded P, apatite P,
residual P, pH, sand, MAT, and MAP. Silt and clay content were tested as explanatory
variables in the model as well, but sand content obtained a greater model fit (R² and
p-value) after multi-model selection. Prior to analysis, input variables were standardized
using the arm function within arm R library (Gelman et al., 2018). A full submodel set
was generated with the dredge function in MuMIn R library (Barton, 2018). The models
within the top four AICc (AIC corrected for small sample size) units of the model with
the lowest AICc were averaged using the model.avg function of the MuMIn R library. The
term “importance” represents the relativized sum of the AIC weights summed across all
the models in which the parameter appears and can range between 0 (parameter has no
explanatory weight) and 1 (parameter is present in all topmodels). The model variables
with a relative variable importance of 1 were selected to fit an optimal linear mixed-
effects model containing the most important variables, of which R² and p-value were
calculated. The model R² was calculated as the conditional R² according to Nakagawa
and Schielzeth (2013), and the model p-value was obtained by likelihood ratio test of the
full model with the effect in question against the model without the effect in question.
All statistical analyses were done using R version 3.3.1 (RCore Team, 2018).

2.4.3 Results

2.4.3.1 Site Characteristics and Soil Chemical Parameters

The analyzed sites span broad biogeographic gradients that could control P dynam-
ics. Mean annual temperature ranged from 6 °C at Cedar Creek (cdcr.us) to 18 °C at
Ukulinga and Summerveld (ukul.za, summ.za), mean annual precipitation ranged from
678 mm at Rookery (rook.uk) to 891 mm at Chichaqua Bottoms (cbgb.us) (Table 1),
and pH values in the topsoil controls ranged from 3.8 at Rookery (rook.uk) to 5.9 at
Ukulinga (ukul.za) (Table 2). In addition, soil texture was diverse, ranging from sand
at Cedar Creek (cdcr.us) to silty clay at Ukulinga (ukul.za, Table 2). Further, there
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was a pronounced gradient of TOC and TN concentrations across all sites (Table 2).
Mean TOC concentrations in the topsoil control reached from 7 g kg soil−1 at Chichaqua
Bottoms (cbgb.us) to 49 g kg soil−1 at Summerveld (summ.za) and mean TN concentra-
tions from 0.5 g kg soil−1 at Chichaqua Bottoms (cbgb.us) to 3.7 g kg soil−1 at Herons
Brook (hero.uk). In the control, TOC and TN in both depth increments were highest
in the soils in South Africa and significantly lower in the soils in UK (-44 and -25%,
respectively) and the USA (-85 and -81%, respectively) (Table 2). Mean TP concentra-
tions in the topsoil control ranged between 0.28 g kg−1 in Chichaqua Bottoms (cbgb.us)
and 0.62 g kg−1 in Heron’s Brook (hero.uk, Table 2). The soils in UK contained the
highest TP concentrations in the control in both depth increments, followed by the soils
in South Africa (-11%) and in the USA (-41%). Topsoil TOC:TP ratios in the controls
ranged from 40 in the soils from Chichaqua Bottoms (cbgb.us) to 359 in the soils from
Summerveld (summ.za, Figure S1) and topsoil TN:TP ratios in the control soils ranged
from 3.4 in Chichaqua Bottoms (cbgb.us) to 17.4 in Summerveld (summ.za). P fractions
varied among the sites as well. For instance, apatite P was below 1% of TP in the soils
in South Africa, amounted to 3 - 5% in the soils in the UK, and to 14 - 22% of TP in
the soils in the USA (Figure S2). DOC, DN, and DIP formed a pronounced gradient
among all soils as well (Table 3). Mean DOC concentrations in the topsoil control ranged
from 15 mg kg soil−1 in Cedar Creek (cdcr.us) to 115 mg kg soil−1 in Ukulinga (ukul.za)
and mean DN concentrations were lowest in Cedar Creek (cdcr.us, 3 mg kg soil−1) and
highest in Rookery (rook.uk, 14 mg kg soil−1) compared to the other sites (Table 3). The
resembled element concentrations and P fractions of all sites were significantly different
from each other (Figure S1).

2.4.3.2 Treatment Effects on Soil pH and Element Concentrations

Addition of N and NP did not significantly decrease soil pH in most soils. Only at Cedar
Creek (cdcr.us), soil pH decreased significantly in response to N addition in the topsoil
and due to N andNP addition in the second soil depth increment (Table S1). Despite high
amounts of N and P added, TOC, and TN concentrations did not change significantly
with nutrient addition (an exception was the topsoil at Rookery (rook.uk), where N ad-
dition increased TN concentrations compared to NP addition and at Ukulinga (ukul.za),
where NP addition increased TN concentrations compared to control, Table S1). Addi-
tion of P and NP significantly increased topsoil TP concentrations in Ukulinga (ukul.za),
Chichaqua Bottoms (cbgb.us), and Rookery (rook.uk, Table S1). Mean TOC:TP ratios
in the control soils of all sites were 147.0 and P addition reduced mean TOC:TP ratios
to 96.0 (Figure S1). Topsoil TN:TP ratios in all treatments ranged between 1.9 and
18.8 (Table S1) and topsoil DN:DIP ratios in all treatments ranged even between 0.2
and 1604.6 (Table 3). In the NP treatment, TN:TP ratios ranged between 2.5 and 9.8
(Table S1), and DN:DIP ratios ranged between 1.2 and 236.5 (Table 3). Addition of N,
P, and NP significantly increased topsoil DOC concentrations at Cedar Creek (cdcr.us),
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Table 2: Soil texture, pH, total organic carbon (TOC), total nitrogen (TN), and total phosphorus
(TP) in 0-15 cm and 15-30 cm depth in the soils of the control treatment at the six sites. The soil
at the site Summerveld (summ.za) was only sampled in 0-15 cm depth. Numbers depict means ±
standard deviations (n=3). Details on soil pH, TOC, TN, and TP concentrations under nutrient
addition can be found in the Supplement A (Table S1).

Site code Depth Sand Silt Clay pH1 TOC TN TP
(cm) (%) (%) (%) (g kg soil−1)

ukul.za 0-15 4.2 42.5 53.3 5.89 41.97 ±1.7 2.89 ±0.2 0.45 ±0.02
15-30 5.1 39.8 55.1 5.83 37.53 ±3.0 2.60 ±0.1 0.39 ±0.02

summ.za 0-15 49.6 33.5 16.9 5.20 49.10 ±2.5 2.80 ±0.1 0.37 ±0.01
cdcr.us 0-15 90.1 6.7 3.1 5.27 9.44 ±0.9 0.71 ±0.1 0.31 ±0.03

15-30 85.8 10.8 3.4 5.36 5.17 ±0.9 0.35 ±0.1 0.24 ±0.03
cbgb.us 0-15 85.3 10.3 4.5 5.73 7.15 ±2.2 0.64 ±0.2 0.28 ±0.02

15-30 83.4 11.3 5.3 5.40 4.10 ±0.4 0.38 ±0.1 0.24 ±0.03
rook.uk 0-15 74.9 18.4 6.7 3.76 24.33 ±2.1 2.06 ±0.1 0.38 ±0.01

15-30 75.7 19.0 5.3 4.10 10.52 ±1.2 0.96 ±0.1 0.27 ±0.01
hero.uk 0-15 65.2 25.2 9.6 5.12 36.70 ±5.6 3.15 ±0.6 0.62 ±0.13

15-30 65.5 24.9 9.7 5.24 24.36 ±2.9 2.11 ±0.2 0.54 ±0.12

1 measured in deionized H2O

P and NP addition increased topsoil DOC concentrations at Rookery (rook.uk), and NP
addition increased topsoil DOC concentrations at Heron’s Brook (hero.uk) compared to
control (Table 3). N and NP addition also raised DN concentrations compared to control
and P addition in the topsoil at all sites except of Rookery (rook.uk) and Heron’s Brook
(hero.uk, Table 3). On average, N and NP addition raised DN concentrations across
all soils by +164 and +106%, respectively, compared to the soils that did not receive N
(Table 3). In the topsoils, P and NP additions significantly increased DIP concentrations
compared to control and N addition at all sites (Table 3).

2.4.3.3 Soil Microbial Biomass C and Microbial Community Composition

The mean topsoil control concentration of microbial biomass C varied widely between
163 mg kg soil−1 in Cedar Creek (cdcr.us) and 1,005 mg kg soil−1 in Ukulinga (ukul.za,
Table 3). The microbial biomass C concentrations were significantly lower in soils of the
American sites compared to the concentrations in the soils of South Africa and the UK.
Topsoil microbial biomass C did not vary significantly among treatments at each of the
sites (p > 0.05, Table 3). The bacterial and fungal community did not differ significantly
between treatments in either depth increment among each site (data not shown) and at
all sites (p > 0.05, Figure S3). The bacterial community composition was significantly
different at each of the six sites, except for the sites Cedar Creek (cdcr.us) and Rookery
(rook.uk), which did not differ in their bacterial community composition (Figure S4a).
The fungal community composition at each site was significantly different from each other
(Figure S4b).
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Table 3: Dissolved organic carbon (DOC), dissolved nitrogen (DN), dissolved inorganic phosphorus (DIP), and microbial biomass carbon (MBC) in 0-15
and 15-30 cm depth in the sampled soils. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth. Numbers depict means ±
standard deviations (n=3). Two-Way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters indicate significant
differences between treatments separately tested for each site and depth increment. Asterisks indicate significant differences between depth increments
separately tested for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

DOC

(mg C kg−1 )

ukul.za 115 ± 7a 108 ± 15a 127 ± 6a 152 ± 34a 127 ± 33a 201 ± 52ab* 238 ± 14b* 217 ± 66b*
summ.za1 98 ± 3a 98 ± 9a 102 ± 10a 100 ± 1a NA NA NA NA
cdcr.us 15 ± 0.4a 20 ± 4.8b 20 ± 1.1b 24 ± 2.6b 11 ± 0.6a 12 ± 2.0a* 12 ± 0.3a* 15 ± 1.3a*
cbgb.us 18 ± 2.7a 22 ± 4.1a 18 ± 2.1a 22 ± 1.6a 15 ± 1.6a 22 ± 3.4a 20 ± 5.6a 20 ± 1.6a
rook.uk 23 ± 2.7a 29 ± 7.5ab 44 ± 8.3c 36 ± 3.5bc 15 ± 1.5a 16 ± 3.1a* 19 ± 1.0a* 18 ± 1.0a*
hero.uk 29 ± 2.6a 30 ± 3.4a 36 ± 1.2ab 40 ± 4.1b 19 ± 1.2a* 22 ± 4.2a* 23 ± 3.0a* 25 ± 3.9a*

DN

(mg N kg−1 )

ukul.za 7.3 ± 0.3a 43.2 ± 11.2b 9.9 ± 5.0a 34.4 ± 5.7b 5.5 ± 1.1a 17.3 ± 4.9ab* 14.1 ± 3.3ab 19.5 ± 5.3b*
summ.za1 5.0 ± 0.1a 19.8 ± 5.0b 5.1 ± 0.2a 15.9 ± 3.1b NA NA NA NA
cdcr.us2 3.2 ± 4.4a 32.9 ± 15.6b 2.7 ± 2.1a 13.4 ± 2.9b 1.8 ± 1.5a 10.0 ± 1.0b 2.1 ± 1.5a 7.0 ± 2.1ab
cbgb.us 4.1 ± 3.1a 12.0 ± 1.4b 4.7 ± 1.9a 12.1 ± 3.9b 2.6 ± 2.2a 5.0 ± 2.8a* 2.9 ± 1.1a 4.8 ± 2.1a*
rook.uk 14.2 ± 2.7ab 14.7 ± 3.2b 10.9 ± 0.4ab 10.3 ± 1.2a 4.2 ± 2.4a* 3.8 ± 1.0a* 2.9 ± 0.8a* 4.0 ± 0.8a*
hero.uk 12.9 ± 3.6a 17.1 ± 3.9a 11.1 ± 3.5a 14.6 ± 8.7a 9.7 ± 3.8a 10.3 ± 0.8a 11.9 ± 4.4a 8.9 ± 3.2a

DOC:DN ratio

ukul.za 18.2 ± 0.7b 3.0 ± 0.5a 17.8 ± 7.3b 5.3 ± 1.2a 27.0 ± 1.5b* 14.8 ± 5.5a* 20.3 ± 3.5ab 13.0 ± 1.4a*
summ.za1 22.9 ± 0.6b 6.0 ± 1.1a 23.2 ± 1.6b 7.5 ± 1.2a NA NA NA NA
cdcr.us3 18.1 ± 11.3b 0.8 ± 0.1a 12.0 ± 6.1b 2.1 ± 0.2a 10.9 ± 3.3b 1.4 ± 0.1a* 9.6 ± 4.7b 2.7 ± 0.6ab
cbgb.us 10.8 ± 3.0b 2.1 ± 0.2a 4.9 ± 1.5ab 2.3 ± 0.6a 10.0 ± 4.7a 5.9 ± 1.6a 8.8 ± 3.5a 5.6 ± 1.9a
rook.uk2 2.0 ± 0.5a 2.3 ± 0.3ab 4.6 ± 0.6c 4.0 ± 0.1bc 5.1 ± 1.9a* 4.8 ± 0.2a* 8.1 ± 1.7a* 5.4 ± 1.1a
hero.uk 2.7 ± 0.4a 2.1 ± 0.3a 4.0 ± 1.1a 4.2 ± 2.3a 2.6 ± 1.0a 2.5 ± 0.2a 2.5 ± 0.6a 3.5 ± 0.7a

DIP

(mg P kg−1 )

ukul.za2 0.10 ± 0.07a 0.12 ± 0.04a 1.43 ± 0.19b 1.10 ± 0.25b 0.13 ± 0.05a 0.05 ± 0.05a* 2.09 ± 1.58b 0.92 ± 0.24b
summ.za1,2 0.05 ±0.04a 0.10 ± 0.02ab 0.25 ± 0.09b 0.27 ± 0.12b NA NA NA NA
cdcr.us2 0.16 ± 0.12a 0.13 ± 0.06a 13.37 ± 2.76b 12.29 ± 3.55b 0.06 ± 0.03a* 0.04 ± 0.01a* 4.19 ± 0.55b* 5.01 ± 0.89b*
cbgb.us2 0.37 ± 0.08a 0.25 ± 0.19a 7.67 ± 1.23b 11.1 ± 3.18b 0.13 ± 0.08a* 0.11 ± 0.05a 7.02 ± 3.11b 6.96 ± 1.91b
rook.uk2 0.02 ± 0.01a 0.03 ± 0.01a 1.25 ± 0.88b 1.22 ± 1.20b 0.02 ± 0.01a 0.02 ± 0.01a 0.04 ± 0.03a* 0.06 ± 0.02a*
hero.uk2 0.04 ± 0.01a 0.04 ± 0.01a 1.64 ± 0.85b 1.15 ± 0.72b 0.02 ± 0.01a* 0.03 ± 0.01ab 0.04 ± 0.01ab* 0.06 ± 0.01b*

MBC

(mg C kg−1 )

ukul.za 1005 ± 134a 767 ± 196a 819 ± 157a 852 ± 71a 488 ± 93a* 444 ± 85a* 502 ± 113a* 549 ± 66a*
summ.za1 843 ± 133a 769 ± 111a 928 ± 278a 699 ± 16a NA NA NA NA
cdcr.us 163 ± 63a 235 ± 44a 193 ± 9a 169 ± 99a 119 ± 103a 100 ± 47a* 46 ± 31a* 134 ± 124a
cbgb.us 175 ± 61a 121 ± 23a 168 ± 51a 148 ± 100a 61 ± 15a* 119 ± 35a 69 ± 43a 142 ± 118a
rook.uk 651 ± 35a 588 ± 49a 507 ± 210a 746 ± 88a 351 ± 46a* 317 ± 94a* 248 ± 176a* 342 ± 248a*
hero.uk 662 ± 116a 603 ± 70a 638 ± 51a 591 ± 85a 526 ± 8b 363 ± 61ab* 298 ± 73a* 352 ± 76ab*

1 One-Way ANOVA and Tukey test were performed
2 Data were LOG10 transformed
3 Data were reciprocally transformed (1/x)
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2.4.3.4 Relative Abundance of P-Solubilizing Bacteria

Across all sites, the relative abundance of PSB in the topsoil was significantly lower in
the N (-18%) and NP treatment (-41%) than in the control (Figure 1A) according to
the estimated model predictors of the linear mixed-effects model. In the second depth
increment, the relative abundance of PSB in the NP treatment was also significantly
lower (-60%) than in the control (Figure 1B).
Site level-differences in the relative abundance of PSB were more pronounced than

treatment effects on the relative abundance of PSB (Figure 2). The South African site
Summerveld showed the highest relative abundance of PSB with 31% of all CFU being
PSB, whereas the site Rookery in the UK showed the lowest relative abundance of PSB
with 4% in the topsoil (Figure S5 and Table S3). Mean numbers of CFUs ranged from
5.6 x 104 to 8.9 x 106 per g soil (Table S3). Considering the sites separately, the relative
abundance of PSB did not differ significantly between the treatments, except for the
sites Cedar Creek (cdcr.us) and Summerveld (summ.za, Figures S5b, d). The tendency
of decreased topsoil PSB abundance under NP addition was similar at all sites. However,
differences between nutrient addition treatments were mostly not significant at single site
level, mainly because of high standard deviations. After multi-model selection, we found
that at site level, soil TOC:TP ratio, percentage of sand, pH, and water-extractable P
significantly predicted the variance of the relative abundance of PSB in the topsoil with
an R² of 0.71 (p < 0.01, Figure 2A and Table S2). A model based only on the control
treatments with the same variables, predicted the variance of the relative PSB abundance
with an R² of 0.83 (all variables were significant, p = 0.012, Figure 2B and Table S2).

2.4.3.5 Community Composition and Activity of P-Solubilizing Bacteria

The 903 sequenced PSB belonged to four phyla (Proteobacteria, Firmicutes, Bacteroidetes,
Actinobacteria) and eight different classes (Actinobacteria, Alphaproteobacteria, Bacilli,
Betaproteobacteria, Chitinophagia, Flavobacteriia, Gammaproteobacteria, Sphingobac-
teriia). Pseudomonas and Enterobacterales were present in all soils (Figure 3). The
sequenced colonies were assigned to 146 OTUs and the most abundant OTUs were Pseu-
domonas (56 OTUs), Enterobacterales (50 OTUs), and Paenibacillus (14 OTUs).
The PSB communities at all sites were significantly different from each other (p <

0.05, occurrence of OTUs of different taxa was tested), except for the sites Summerveld
(summ.za) and Chichaqua Bottoms (cbgb.us) as well as Cedar Creek (cdcr.us) and
Heron’s Brook (hero.uk) that were not different from each other (Figure 4A). Across
all sites, the PSB community in the N and NP treatment was significantly different from
the community in the control and P treatment (p = 0.002) (Figure 4B). The soils of the
control and P treatment contained more different Pseudomonas OTUs than the soils of
the N and NP treatments and the number of different Enterobacterales OTUs was higher
in soils of the N and NP treatments than in the soils of the control and P treatment (Fig-
ure 4B). Between 16 and 24% of all PSB at the different sites were classified as strong P
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Figure 1: Effect of nutrient addition (N, P, NP) on the relative abundance of phosphorus-
solubilizing bacteria (PSB) across all six sites in (a) 0-15 cm depth and (b) 15-30 cm depth. A
linear mixed-effects model was calculated with treatment as fixed factor and random intercepts
for sites. Points represent the mean value of the model predictor while error bars represent the
range of 95 % confidence intervals. Predictors are considered significant, if error bars do not
overlap with zero, indicated with asterisks. The vertical intercept (position zero) corresponds to
the control. Significant differences between treatments are indicated by lower-case letters at the
right side of the subplot.
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Figure 2: Linear mixed-effects model of (a) relative abundance of phosphorus-solubilizing bacte-
ria (PSB) in all treatments, and (b) relative abundance of PSB in the control at all six grassland
sites in 0-15 cm depth. Measured relative abundance of PSB is shown on the x-axis and predicted
relative abundance of PSB (best model predictors: total organic carbon-to-total phosphorus ra-
tio, sand content, soil pH, and water extractable phosphorus, Table S2) is shown on the y-axis.
The linear mixed-effects model was calculated after multi-model selection. R² was calculated
as conditional R² according to Nakagawa and Schielzeth (2013), the standard line is dashed
(intercept = 0, slope = 1), and the fitted line of the model is solid.
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solubilizers according to their halo size. The proportions of PSB that were classified as
strong solubilizers across all sites differed among treatments, with the greatest proportion
(25%) in the control, 21% in both the N and P treatment, and 18% in the NP treatment.

2.4.3.6 Phosphatase Activity

Phosphatase activity in the N treatment was significantly higher (+17%) than in the
control across all six topsoils (Figure 5A), according to the estimated model predictor of
the linear mixedeffects model. Phosphatase activity also tended to be higher in the NP
treatment (+ 9%) than in the control in the topsoil, but this difference was not statisti-
cally significant. Similarly, in the P treatment, phosphatase activity tended to be lower
(-4%) than in the control in the topsoil, albeit the differences were not statistically sig-
nificant. In the second depth increment, the differences in phosphatase activity between
treatments and control were not statistically significant (Figure 5B).
Considering the sites separately, phosphatase activity did not differ significantly among

the treatments at any site and in any depth increment (Figure S6), mainly because of
high standard deviations. However, a tendency of increased phosphatase activity under
N addition was visible at most sites. Phosphatase activity in the control treatment
ranged from 17 nmol g−1 h−1 at Chichaqua Bottoms (cbgb.us) to 352 nmol g−1 h−1 at
Summerveld (summ.za) across all sites and depth increments (Figure S6). Comparing
the mean controls, the soils in the USA had the lowest phosphatase activities of all six
soils (Figure S6). The specific phosphatase activity (phosphatase activity per microbial
biomass C) showed no significant difference (p > 0.05) among treatments (data not
shown).
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Figure 3: Phylogenetic tree of all sequenced phosphorus-solubilizing bacteria at the site (a)
Ukulinga (ukul.za), (b) Summerveld (summ.za), (c) Cedar Creek (cdcr.us), (d) Chichaqua Bot-
toms (cbgb.us), (e) Rookery (rook.uk), and (f) Heron’s Brook (hero.uk) in 0-15 cm soil depth.
At least 100 colony-forming units per sample were screened. Colors around the tree indicate the
nutrient addition treatments. Colors inside the tree show the assigned name (OTU). The size of
the dots around the tree indicates the activity of P solubilization (weak or strong).
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Figure 5: Effect of nutrient addition (N, P, NP) on soil phosphatase activity across all six sites
in (a) 0-15 cm depth and (b) 15-30 cm depth. A linear mixed-effects model was calculated with
treatment as fixed factor and random intercepts for sites. Points represent the mean value of the
model predictor while error bars represent the range of 95 % confidence intervals. Predictors are
considered significant, if error bars do not overlap with zero, indicated with asterisks. The vertical
intercept (position zero) corresponds to the control. Significant differences between treatments
(N, P, and NP) are indicated by lower-case letters at the right side of the subplot.

2.4.4 Discussion

Here we found that N addition led to a significant decrease in the abundance of PSB
(Figure 1). Furthermore, N addition in combination with P addition decreased the
abundance of PSB even further, but when P was added alone, the abundance of PSB
was not affected. Addition of N and NP changed the PSB community composition
relative to the control and the P addition treatment (Figure 4). Furthermore, N addition
significantly increased soil phosphatase activity across all topsoils and P addition tended
to decrease phosphatase activity, albeit not significantly (Figure 5).

2.4.4.1 Relative Abundance and Activity of P-solubilizing Bacteria

Our observation that the relative abundance of PSB was significantly lower in the N
and NP treatments than in the control across all six topsoils (Figure 1) indicates that N
availability may affect the functional traits of the microbial community since a reduced
abundance of PSB might also result in a decreased P solubilization. Microbes that
can solubilize P may have an advantage under nutrient-poor conditions, leading to an
increase in their relative abundance. The reason for this might be that microorganisms
adapted to N- and NP-rich soil do not invest organic C and N into processes of nutrient
acquisition, and thus have more energy left for growth and other fitness-related processes
such as defense or the formation of symbiosis. Similar functional adaptions of microbial
communities to nutrient availability have been described before (Calvaruso et al., 2007;
Lepleux et al., 2013; Mander et al., 2012; Nicolitch et al., 2016). For example, in the
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rhizosphere of a temperate beech forest, it has been shown that P solubilization efficacy
was lower in nutrient-rich soils than in soils with low nutrient availability (Nicolitch et
al., 2016). The finding that N and NP addition decreased the relative abundance of PSB
is against our hypothesis that PSB need N for the processes to produce organic acids and
exopolysaccharides that solubilize P. In contrast, PSB are likely sensitive to soil nutrient
conditions, and their abundance decreases under elevated nutrient availability, suggesting
that they are poor competitors when N and NP availability is high.

We found that the total number of strong PSB was lowest under NP addition (-28% in
comparison to control), suggesting that the ability to strongly solubilize P is rewarding
under low-nutrient conditions, but not when N and P availability is high. Our results
build on a previous study of a beech forest in France, reporting that the percentage of
strong P solubilizers was significantly lower in nutrient-rich soils than in nutrient-poor
soils (Nicolitch et al., 2016). Taken together, our results show that across a wide range of
soil biotic and abiotic conditions, NP addition not only reduces the relative abundance
of PSB but also the abundance of PSB with a specifically high capacity to solubilize P
from minerals.

One reason why P addition alone did not significantly reduce the relative abundance
of PSB compared to the control (Figure 1) might be that PSB do not only contribute to
weathering of apatite but also to weathering of other minerals, leading to mobilization
of K, Mg, Ca, and Fe (Hinsinger, 2001). Thus, even though the ability to mobilize P
might not be beneficial in soils with high P availability, PSB might remain competitive
in a high P environment since they can also mobilize other nutrients. In addition it
could be that weathering is a side-effect of other metabolic processes that do not fulfill
the primary function of mobilizing nutrients. This is supported by studies showing that
the abundance of PSB was not related to levels of total and available P in Canadian
cropland and pasture soils (Kucey, 1983), and in Irish agricultural soils (Browne et al.,
2009). Still, it also needs to be considered that the amount of P added in our study (100
kg P ha−1 yr−1) may have been too small to cause significant changes in the relative
abundance of PSB. Mander et al. (2012) reported a reduced abundance of PSB caused
by additions as high as 367 kg P ha−1 yr−1 in a New Zealand pasture. Taken together, P
addition did not reduce the relative abundance of PSB, which contrasts our hypothesis.

Our finding that the relative abundance of PSB in the control across all sites ranged
from 2.6% in Rookery (rook.uk) to 46% in Summerveld (summ.za) of all colonies matches
with previous studies that found abundances of PSB of 0.5% (Kucey, 1983) and between
47 and 53% (Browne et al., 2009). We found that the abundance of PSB across all sites
was mostly affected by the TOC:TP ratio, sand content, soil pH, and water-extractable
P content of the soils (Figure 2). The high relative abundance of PSB in Summerveld
(summ.za) can thus largely be explained by the high TOC:TP ratios (Figure S1) and
low concentrations of water-extractable P (Figure S2) found at this site compared to
the other sites. We did not find a direct effect of P addition on the abundance of
PSB, but our results (Table S2) indicate that the P concentration relative to the TOC
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concentration affects the abundance of PSB and the explanatory value of TOC:TP ratios
for PSB abundance across all sites was higher compared to TN:TP ratios. The reason
for this might be that a main mechanism of P solubilization is the production of organic
acid anions (Jones and Oburger, 2011), and microbes need organic C to build and to
release them. In addition, C addition has been shown to enhance P solubilization in
laboratory studies (Hameeda et al., 2006; Patel et al., 2008), and a positive correlation
between the soil TOC:TP ratio and the relative abundance of PSB was found by Mander
et al. (2012). The sand content was positively correlated with the relative abundance
of PSB (Table S2). The reason for this might be that across our sites, the sand content
was correlated with low nutrient concentrations (TOC, TN, TP, DOC, DN) and those
conditions favored the abundance of PSB. Further, PSB increased with soil pH (Table
S2), in agreement with Mander et al. (2012), likely because the ability of PSB to release
protons only results in P solubilization in alkaline to moderately acid soils, but much
less in acid soils (Hinsinger, 2001). Furthermore, the relative abundance of PSB was
negatively related to water-extractable P (easily-available P) in our model (Table S2).
In lab studies, P solubilization was also suppressed by very high levels of easily-available
P in the cultivation medium (Chabot et al., 1998; Goldstein, 1986).

2.4.4.2 Community Composition of P-solubilizing Bacteria

Our finding that the OTU Pseudomonas, Enterobacterales, Acinetobacter, Burkholderia,
Para-burkholderia, Bacillus, and Paenibacillus were both present and highly abundant
in most samples (Figure 3) corroborates previous studies reporting that these bacterial
groups are able to solubilize P (Lepleux et al., 2013; Liu et al., 2015; Oliveira et al.,
2009). Pseudomonas was one of the most abundant and most diverse OTU. They are
known to efficiently contribute to P solubilization because many Pseudomonas species
can oxidize glucose to gluconic acid in the periplasm and release it into soil (Goldstein,
2007).

In addition to the decreased relative abundance of PSB under N and NP addition, we
found a significant change in PSB community composition due to N and NP addition as
hypothesized (Figure 4). For the whole bacterial community, it was already shown that
N addition shifted the community composition in grassland soils (Fierer et al., 2012; Leff
et al., 2015; Ramirez et al., 2010). Against our hypothesis, P addition did not change the
PSB community composition confirming studies showing that the bacterial community
was less responsive to P addition than to N addition (Coolon et al., 2013; Pan et al.,
2014). However, to our knowledge, there is no previous study describing shifts in the PSB
community and general PSB community pattern under N and NP addition in grasslands.

The addition of N and NP lowered the number of Pseudomonas OTUs and increased
the number of Enterobacterales OTUs. Our results indicate that certain Pseudomonas
OTUs are hampered by N and NP addition and seem to be better adapted to nutrient-
poorer conditions. This agrees with studies reporting that the abundance and diversity
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of Pseudomonads was higher on a nutrient-poor than on nutrient-rich medium (Aagot
et al., 2001) and that most PSB were Pseudomonads in non-fertilized soils (Mander et
al., 2012). A reason for the higher number of Enterobacterales than Pseudomonas OTUs
under N and NP addition could be that they respond differently to changing amounts
and composition of root exudates as can be expected by the reported strong changes in
plant community composition in response to the nutrient additions (Badri and Vivanco,
2009; Rengel and Marschner, 2005). This speculation is based on the observation that
Enterobacterales and Pseudomonads prefer different substrates: Enterobacterales prefer
the amino acid glycine, while Pseudomonas prefer sugars (Goldfarb et al., 2011).

We screened for PSB with a culture-dependent approach using PVK medium, which is
commonly used to determine the abundance of PSB (Mehta and Nautiyal, 2001) but dis-
criminates against non-cultivable microorganisms. Currently, there are no metagenomic
approaches available for determining the abundance of PSB since many processes are in-
volved in P solubilization, which makes it impossible to determine PSB by targeting one
specific gene. However, the sequenced PSB reflect the dominant taxa found in the same
grassland soils (Leff et al., 2015). Further, previous studies showed the PSB isolated
based on culture-dependent screening techniques were representative for the total bacte-
rial community as analyzed by pyrosequencing (Nicolitch et al., 2016). Besides bacteria,
plants and fungi also contribute to P solubilization by the release of protons, organic
acids and other chelating agents (Hinsinger, 2001; Jones and Oburger, 2011). However,
in this study we focused on the abundance of P-solubilizing bacteria, since between 1 -
50% of soil bacteria (Kucey et al., 1989) can be classified at PSB, whereas only 0.1 - 3%
of soil fungi (Banik and Dey, 1982; Kucey, 1983) can be classified as P-solubilizing fungi.
However, rates of P solubilization by bacteria and fungi on single species level can be
similar (e.g. (Vazquez et al., 2000).

2.4.4.3 Phosphatase Activity

Our result that phosphatase activity was significantly higher under N addition in the
topsoil than in the control (Figure 5) indicates that microorganisms and plants invested
into the production of phosphatases when provided with additional N, suggesting that
increased N availability might increase P demand. This is in accordance with a meta-
analysis showing that plants and microbes invest into P acquisition, if N availability in-
creases (Marklein and Houlton, 2012). This might allow them to maintain their biomass
stoichiometry despite changes in element availability in their environment (Spohn, 2016).
In addition, increased N availability likely facilitates the production of phosphatases,
since phosphatases contain large amounts of N that is lost for the organisms when phos-
phatases are released into the soil. Our finding is in accordance with our hypothesis
and with previous studies, reporting an increase in phosphatase activity in response to
N addition (Margalef et al., 2017; Marklein and Houlton, 2012; Olander and Vitousek,
2000).
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Phosphatase activity was likely lower in the P than in the N addition treatment because
plants and microbes reduce the production of phosphatases when provided with inorganic
P (Oshima et al., 1996). Yet, contrary to our hypothesis, phosphatase activity was not
significantly reduced in the P addition treatment compared to the control (Figure 5).
Our results are counter to the findings of a meta-analysis (Marklein and Houlton, 2012)
and further studies showing that inorganic P addition inhibits phosphatase activities
in soil (Moscatelli et al., 2005; Olander and Vitousek, 2000). However, the absence
of a suppressive effect of P addition on phosphatases has also been reported (Allison
and Vitousek, 2005; Criquet and Braud, 2008; Schneider et al., 2001). An explanation
for the less pronounced decrease in phosphatase activity due to P addition could be that
microbial phosphatase activity is also controlled by microbial need for C, and thus rather
depends on C than on P availability (Heuck et al., 2015; Spohn and Kuzyakov, 2013).
Further, depending on the type of nutrient limitation of the plants, P and especially NP
addition can increase aboveground net primary productivity (Elser et al., 2007) and thus
increase organic matter inputs to soil making it more rewarding for microorganisms to
mineralize organic P.

2.4.4.4 Conclusions

Taken together, our study indicates that N addition to soil strongly affects P mobilization
processes in grassland soils. Our results suggest that microorganisms invest preferentially
into mobilizing organic P in response to high N inputs to soil. In contrast, under N-poor
conditions, the microbial community has a high capacity to mobilize P from inorganic
sources as indicated by a high abundance of PSB. Consequently, increased atmospheric N
deposition may decrease solubilization of bound inorganic P and increase mineralization
of organic P. These findings have important implications for element cycling because
they indicate that high chronic N inputs could induce a shift from P mobilization from
minerals to increased recycling of organically bound P in grassland soils.
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Supporting Information

Site descriptions

The Ukulinga site is located at the Ukulinga Research station near Pietermaritzburg,
KwaZulu Natal, South Africa (-29.67 N, 30.4 E). It was established in 2009 and nutrients
were added for the first time in 2010. Mean annual precipitation (MAP) amounts to
838 mm, occurring mostly during summer (September to April). The mean annual
temperature (MAT) is 18 °C. The experiment is located at an elevation of 843 m a.s.l on
top of a plateau formed by Ecca group shales (Fynn O’Connor 2005). The soil has a silty
clay to clay texture (5 % sand, 41 % silt, 54 % clay) and pHH2O values are approximately
5.8. The site is burned annually in early August, but not mown.
The Summerveld site is located in Summerveld, Kwa-Zulu Natal, South Africa (-29.81

N, 30.72 E). It was established in 2009 and nutrients were added for the first time in
2010. MAP amounts to 809 mm per year and MAT is 18 °C. The site is situated on a
sandstone plateau on a south-facing slope at an elevation of 679 m a.s.l. (Wragg 2017).
The soil has a loamy texture (50 % sand, 33 % silt, and 17 % clay) and pHH2O values
amount to approximately 5.1. The soil is shallow with an average depth of 16.75 cm.
The site is annually burned in winter (June-August).
The Cedar Creek site is located in the Central plains at the Cedar Creek Ecosystem

Science Reserve, Minnesota, USA (45.43 N, -93.21 E). It was established in 2007, and
nutrients were added for the first time in 2008. The MAT is 6 °C and MAP amounts to
800 mm per year. The site is situated 270 m a.s.l. on the Anoka Sand Plain, an outwash
plain of the Wisconsin Glacial Episode, and is underlain by bedrock of Cambrian and
Ordovician dolomite, sandstone, and shale (Blinnikov, Bagent Reyerson 2013). The site
is vegetated by tallgrass prairie. The soil has a sandy texture (88 % sand, 9 % silt, and
3 % clay) and pHH2O values amount to 5.1. The site is neither burned nor mown.
The Chichaqua Bottoms site is situated in the Central Plains near Ames, Iowa, USA

(41.78 N, -93.38 W). It was established in 2009 and nutrients were added for the first
time in 2010. MAP amounts to 891 mm and MAT is 9 °C. The site is located at 275 m
a.s.l. on Pleistocene till of the Dows Formation (Prior 1991). The texture of the soil is
loamy sand (84 % sand, 11 % silt, 5 % clay) and the pHH2O value amounts to 5.7. The
vegetation is a restored tallgrass prairie, which was planted in 2001 (at the first block)
and 2003 (at the second and third block). The site is burned every second to third year,
but not mown.
The Rookery and Heron’s Brook sites are both located at Silwood Park, Ascot, UK

(51.41 N, -0.64 E). They were established in 2007 and nutrients were added for the first
time in 2008. The MAT is 10 °C and MAP amounts to 678 mm at both sites with little
seasonal pattern. The sites are situated 60 m a.s.l. on sands of the Bagshot Formation
(British Geological Survey 1999). The texture is sandy loam (Rookery: 75 % sand, 19
% silt, and 6 % clay; Heron’s Brook: 65 % sand, 25 % silt, and 10 % clay) with pHH2O

values amount to 4.0 in Rookery and 5.2 in Heron’s Brook. The mesic grasslands are
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neither burned nor mown.
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Table S1: Total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and soil pH in 0-15 and 15-30 cm soil depth in the control, N, P,
and NP treatment at the six grassland sites. The soil at the site Summerveld (summ.za) was only sampled in 0-15 cm depth because of limited soil depth.
Numbers depict means ± standard deviations (n=3). Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters
indicate significant differences between treatments separately tested for each site and depth increment. Asterisks indicate significant differences between
depth increments separately tested for each site and treatment.

Site 0-15 cm 15-30 cm
Ctrl +N +P +NP Ctrl +N +P +NP

TOC

(g C kg−1 )

cdcr.us1 9.4 ± 1.1a 15.7 ± 8.8a 9.0 ± 0.3a 11.0 ± 3.4a 5.2 ± 1.1a 10.4 ± 7.8a 4.4 ± 0.5a* 5.8 ± 2.1a
cbgb.us 7.2 ± 2.8a 8.2 ± 0.5a 6.9 ± 2.3a 7.4 ± 2.4a 4.1 ± 0.5a* 5.1 ± 0.2a* 4.0 ± 1.2a 4.1 ± 0.9a*
hero.uk 36.7 ± 6.8a 36.7 ± 6.1a 36.5 ± 1.8a 37.0 ± 7.7a 24.4 ± 3.5a* 24.5 ± 4.2a* 25.6 ± 4.7a* 23.9 ± 4.4a*
rook.uk 24.3 ± 2.6a 28.7 ± 3.2a 26.9 ± 1.2a 24.9 ± 2.2a 10.5 ± 1.5a* 12.8 ± 1.3a* 11.6 ± 1.3a* 10.1 ± 0.7a*
ukul.za 42.0 ± 2.0a 42.5 ± 0.8a 44.4 ± 0.5a 45.7 ± 0.8a 37.5 ± 3.6a 3.2.0 ± 4.4a* 34.8 ± 5.3a* 36.4 ± 0.6a*
summ.za2 49.1 ± 3.0a 51.1 ± 2.2a 51.7 ± 3.0a 51.7 ± 1.9a NA NA NA NA

TN

(g N kg−1 )

cdcr.us1 0.7 ± 0.1a 1.1 ± 0.6a 0.6 ± 0.1a 0.8 ± 0.3a 0.3 ± 0.1a* 0.7 ± 0.5a 0.3 ± 0.1a 0.4 ± 0.1a*
cbgb.us 0.6 ± 0.2a 0.8 ± 0.1a 0.6 ± 0.2a 0.7 ± 0.2a 0.4 ± 0.1a* 0.5 ± 0.1a* 0.4 ± 0.1a* 0.4 ± 0.2a*
hero.uk 3.1 ± 0.7a 3.1 ± 0.5a 3.0 ± 0.2a 3.1 ± 0.8a 2.1 ± 0.3a* 2.1 ± 0.3a 2.1 ± 0.4a 2.0 ± 0.4a*
rook.uk 2.1 ± 0.2ab 2.4 ± 0.3b 2.2 ± 0.1ab 2.0 ± 0.1a 1.0 ± 0.1a* 1.2 ± 0.1a** 1.0 ± 0.2a* 0.9 ± 0.1a*
ukul.za 2.9 ± 0.3a 3.1 ± 0.3ab 3.3 ± 0.1ab 3.4 ± 0.1b 2.6 ± 0.2a 2.4 ± 0.2a* 2.6 ± 0.3a* 2.7 ± 0.1a*
summ.za2 2.8 ± 0.2a 3.0 ± 0.4a 2.9 ± 0.3a 3.0 ± 0.1a NA NA NA NA

TP

(g P kg−1 )

cdcr.us1 0.31 ± 0.03a 0.46 ± 0.24a 0.58 ± 0.09a 0.56 ± 0.11a 0.24 ± 0.03a 0.40 ± 0.19a 0.36 ± 0.04a 0.38 ± 0.06a
cbgb.us 0.28 ± 0.02a 0.24 ± 0.05a 0.43 ± 0.04b 0.41 ± 0.06b 0.24 ± 0.03a 0.24 ± 0.02a 0.34 ± 0.03b* 0.35 ± 0.07b*
hero.uk 0.62 ± 0.16a 0.57 ± 0.07a 0.93 ± 0.13a 0.96 ± 0.28a 0.54 ± 0.15a 0.48 ± 0.06a 0.55 ± 0.17a* 0.62 ± 0.25a*
rook.uk 0.38 ± 0.01a 0.38 ± 0.04a 0.60 ± 0.06b 0.61 ± 0.14b 0.27 ± 0.01a* 0.31 ± 0.04a 0.32 ± 0.03a* 0.31 ± 0.04a*
ukul.za1 0.45 ± 0.02a 0.46 ± 0.08a 1.33 ± 0.12b 1.20 ± 0.15b 0.39 ± 0.02a 0.38 ± 0.04a 0.74 ± 0.25b* 0.58 ± 0.01b*
summ.za2 0.37 ± 0.01a 0.49 ± 0.18a 0.60 ± 0.33a 0.83 ± 0.7a NA NA NA NA

pH in H2O

cdcr.us 5.27 ± 0.09b 4.70 ± 0.17a 5.27 ± 0.10b 4.84 ± 0.10a 5.36 ± 0.10b 5.17 ± 0.19ab* 5.45 ± 0.23b 4.96 ± 0.23a
cbgb.us 5.73 ± 0.50a 5.68 ± 0.72a 5.86 ± 0.47a 5.72 ± 0.43a 5.40 ± 0.66a 5.56 ± 0.92a 5.58 ± 0.79a 5.34 ± 0.63a
hero.uk 5.12 ± 0.21a 5.18 ± 0.11a 5.08 ± 0.08a 5.09 ± 0.15a 5.24 ± 0.30a 5.30 ± 0.09a 5.20 ± 0.15a 5.22 ± 0.10a
rook.uk 3.76 ± 0.04a 3.78 ± 0.02a 3.91 ± 0.02a 3.87 ± 0.03a 4.10 ± 0.13a* 4.08 ± 0.09a* 4.12 ± 0.10a* 4.06 ± 0.06a*
ukul.za 5.89 ± 0.08a 5.58 ± 0.42a 5.94 ± 0.09a 5.63 ± 0.11a 5.83 ± 0.10a 5.79 ± 0.33a 5.72 ± 0.16a 5.62 ± 0.16a
summ.za2 5.20 ± 0.04a 5.03 ± 0.09a 5.01 ± 0.12a 4.97 ± 0.13a NA NA NA NA

1 Data were LOG10 transformed
2 One-Way ANOVA and Tukey test were performed
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Table S2: Regression coefficients and R² of linear mixed-effects model of the relative abundance of phosphorus-solubilizing bacteria (PSB) of all treatments
in 0-15 cm depth. R² is the conditional R² according to Nakagawa & Schielzeth (2013). Estimation and p-value of each regression coefficient are displayed.

Linear mixed-effects model of relative abundance of PSB
Coefficients Estimation p-value

(Intercept) -69.244 0.000 ***
TOC:TP ratio 0.098 0.000 ***
Sand 0.311 0.000 ***
pH 10.611 0.000 ***
H2O-P -1.901 0.003 **
R² = 0.71

Table S3: Mean number of colony-forming units (CFU) per g soil and relative abundance of phosphorus-solubilizing bacteria (% PSB) in 0-15 and 15-30
cm depth at each site.
Site ukul.za summ.za cdcr.us cbgb.us rook.uk hero.uk
Depth 0-15 cm 15-30 cm 0-15 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm

CFU g−1 1.34E+06 2.46E+06 4.86E+06 1.22E+06 1.40E+06 5.63E+04 2.48E+05 1.71E+05 1.46E+05 3.49E+06 2.40E+06
% PSB 6.16 ± 3.91 15.7 ± 9.63 30.99 ± 13.4 12.79 ± 9.93 20.01 ± 9.68 5.97 ± 3.21 11.71 ± 9.98 4.16 ± 2.98 4.61 ± 2.84 14.71 ± 8.32 15.71 ± 13.45
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Figure S1: Soil pH, element concentrations, and P fractions of all topsoil nutrient addition treat-
ments of the sites Ukulinga (ukul.za), Summerveld (summ.za), Cedar Creek (cdcr.us), Chichaqua
Bottoms (cbgb.us), Rookery (rook.uk), and Herons Brook (hero.uk) displayed via non-metric
multidimensional scaling (nMDS) of Euclidean distances. The included variables are total or-
ganic carbon (TOC), total nitrogen (TN), total phosphorus (TP), TOC:TN ratio, TOC:TP ratio,
TN:TP ratio, dissolved organic carbon (DOC), dissolved nitrogen (DN), dissolved inorganic phos-
phorus (DIP), DOC:DN ratio, total organic phosphorus (TOP), Bray-1 P, water-extractable P
(H2O-P), labile P (NaHCO3-P), occluded P (NaOH-P), apatite P (HCl-P), residual P (Res-P),
and soil pH. The nMDS plot was overlaid by circles whose sizes reflect values of the TOC:TP
ratios of all soils and with vectors of the Pearson correlations of the variables.

Figure S2: Soil phosphorus (P) fractions determined by Hedley fractionation in 0-15 cm (1) and
15-30 cm (2) soil depth in the control of the six sampled soils at the site Ukulinga (ukul.za), Sum-
merveld (summ.za), Cedar Creek (cdcr.us), Chichaqua Bottoms (cbgb.us), Rookery (rook.uk),
and Heron’s Brook (hero.uk). The soil at the site Summerveld (summ.za) was only sampled in
0-15 cm depth because of limited soil depth. Error bars indicate standard deviations (n=3).
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2.4 Study IV - P acquisition

Figure S3: Effect of nutrient addition (+N, +P, +NP) on bacterial community composition (a)
and fungal community composition (b) shown via non-metric multi-dimensional scaling (nMDS)
of all six sites and both depth increments (0-15 and 15-30 cm).
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Figure S4: Bacterial community composition (a) and fungal community composition (b) shown
via non-metric multi-dimensional scaling (nMDS) of the six sites Ukulinga (ukul.za), Sum-
merveld (summ.za), Cedar Creek (cdcr.us), Chichaqua Bottoms (cbgb.us), Rookery (rook.uk),
and Heron’s Brook (hero.uk) in both depth increments (0-15 and 15-30 cm).
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Figure S5: Relative abundance of phosphorus solubilizing bacteria (PSB) in two soil depth
increments at the site (a) Ukulinga in South Africa, (b) Cedar Creek in the USA, (c) Rookery
in the UK, (d) Summerveld in South Africa, (e) Chichaqua Bottoms in the USA and (f) Heron’s
Brook in the UK in 0-15 and 15-30 cm depth. The soil at the site Summerveld was only sampled
in 0-15 cm depth because of limited soil depth. Error bars indicate standard deviations (n=3).
Different lower-case letters above the bars indicate significant differences (p < 0.05) between
treatments tested separately for each site and depth increment. Significant differences between
depth increments separately tested for each site across all treatments are indicated by an asterisk
at the right side of the subplot.
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Figure S6: Phosphatase activity in two soil depth increments at the site (a) Ukulinga in South
Africa, (b) Cedar Creek in the USA, (c) Rookery in the UK, (d) Summerveld in South Africa, (e)
Chichaqua Bottoms in the USA and (f) Heron’s Brook in the UK. The soil at the site Summerveld
was only sampled in 0-15 cm depth because of limited soil depth. Error bars indicate standard
deviations (n=3). Different lower-case letters above the bars indicate significant differences (p
< 0.05) between treatments tested separately for each site and depth increment. Significant
differences between depth increments separately tested for each site across all treatments are
indicated by an asterisk at the right side of the subplot.
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2.5 Study V - Microbial community

Abstract

Microorganisms mediate nutrient cycling in soils, and thus it is assumed that they largely
control responses of terrestrial ecosystems to anthropogenic nutrient inputs. Therefore,
it is important to understand how increased nitrogen (N) and phosphorus (P) availabil-
ities, first, affect soil prokaryotic and fungal community composition and second, if and
how changes in the community composition affect soil element cycling. We measured soil
microbial communities and soil element cycling processes along a nine-year old experi-
mental N-addition gradient partially crossed with a P-addition treatment in a temperate
grassland. Nitrogen addition affected microbial community composition, and prokaryotic
communities were less sensitive to N addition than fungal communities. P addition only
marginally affected microbial community composition, indicating that P is less selective
than N for microbial taxa in this grassland. Soil pH and total organic carbon (C) con-
centration were the main factors associated with prokaryotic community composition,
while the dissolved organic C-to-dissolved N ratio was the predominant driver of fungal
community composition. Against our expectation, plant biomass and plant community
structure only explained a small proportion of the microbial community composition.
Although microbial community composition changed with nutrient addition, microbial
biomass concentrations and respiration rates did not change, indicating functional re-
dundancy of the microbial community. Microbial respiration, net N mineralization, and
non-symbiotic N2 fixation were more strongly controlled by abiotic factors than by plant
biomass, plant community structure or microbial community, showing that community
shifts under increasing nutrient inputs may not necessarily be reflected in element cycling
rates. This study suggests that atmospheric N deposition may impact the composition of
fungi more than of prokaryotes and that nutrient inputs act directly on element-cycling
rates as opposed to being mediated through shifts in plant or microbial community com-
position.
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2.5.1 Introduction

Microorganisms govern soil nutrient cycling, and hence might regulate ecosystem re-
sponses to the human induced increases in nitrogen (N) and phosphorus (P) availabilities
(Galloway et al., 2008; Wang et al., 2015; Peñuelas et al., 2013). Microorganisms not
only mediate the fate of nutrients in soils, they also respond to nutrient inputs by shifts
in biomass and community structure. To predict effects of nutrient inputs on ecosystems,
it is critical to understand how nutrient additions affect soil microbial community struc-
ture, and how these shifts are linked to important processes of element cycling (Zhou
et al., 2017). The relationships between changes in prokaryotic and fungal community
composition and element cycling rates in response to nutrient addition are currently
poorly understood (Zeng et al., 2016), and the drivers of these changes have rarely been
analyzed.
The emission of biologically available N has more than doubled through anthropogenic

activities since 1970 (Galloway et al., 2008; Gruber and Galloway, 2008). Large regions
of the world receive N at deposition rates > 1 g N m−2 yr−1, and it has been predicted
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that by 2050 some regions may receive up to 5 g N m−2 yr−1 (Galloway et al., 2004).
Increases in N inputs are often not paralleled by increased P inputs (Peñuelas et al.,
2012), changing ratios of bioavailable N to P (Peñuelas et al., 2013), and highlighting
the need for studies on the independent and interactive effects of N and P addition.

Increased supplies of biologically limiting nutrients can alter microbial community
composition (Ramirez et al., 2010; Ramirez et al., 2012; Fierer et al., 2012; Morrison
et al., 2016; Leff et al., 2015). However, drivers of microbial community change are
difficult to disentangle (Wardle et al., 2013; Manning et al., 2006), because the changes
can arise for instance through changes in soil chemistry (e.g., soil pH, the bioavailability
of carbon (C) and N) and biology (e.g. food webs, viruses), and they can be mediated
through changes in above- and belowground plant biomass or plant community structure
(Högberg et al., 2007; Ramirez et al., 2010; Chen et al., 2015; Leff et al., 2015; Prober
et al., 2015; Zeng et al., 2016). Of these factors, soil pH can have particularly strong
effects on the soil bacterial community composition (Lauber et al., 2009; Fierer et al.,
2009; Fierer and Jackson, 2006) because low soil pH imposes stress on bacterial cells,
exerting selection pressure on certain bacterial taxa (Lauber et al., 2008; Rousk et al.,
2010a). In particular, low soil pH impedes the metabolism of bacteria (Rousk et al.,
2010b), reducing the ability of bacteria to successfully compete with fungi (Rousk et al.,
2010b).

Increased nutrient supplies have been shown to change plant biomass and plant com-
munity composition (Stevens et al., 2015; Harpole et al., 2016), which impacted bacterial
(Leff et al., 2015) and fungal community structure (Heinemeyer and Fitter, 2004; Lauber
et al., 2008). For example, nutrients can change root architecture offering different mi-
crohabitats and environmental conditions, and can change the food spectrum in the form
of root exudates and litter inputs (Lange et al., 2015; Berg and Smalla, 2009).

Altered microbial community structure can influence ecosystem functions including soil
element cycling (Philippot et al., 2013; Delgado-Baquerizo et al., 2016; Strickland et al.,
2009), although functional redundancy of microbial communities also occurs (Louca et
al., 2018; Nannipieri et al., 2003). Functional redundancy means that loss of species may
not impact ecosystem functioning because each metabolic function can be performed by
several coexisting, taxonomically distinct species (Allison and Martiny, 2008; Philippot
et al., 2013; Louca et al., 2018).

Predicting the effects of nutrient supply on ecosystems requires an understanding of
microbial responses to nutrient addition and the linkages between soil microbial com-
munities and nutrient cycling. However, our mechanistic understanding of microbial
communities and coupled physicochemical processes is in its infancy (Louca et al., 2018),
and few studies have concurrently explored responses of bacterial and fungal commu-
nities (e.g. Allison et al., 2007; Ramirez et al., 2010; Fierer et al., 2012; Zeng et al.,
2016). In particular, few sequence-based attempts have been made to simultaneously ex-
plore drivers of changes in prokaryotic and fungal community composition under nutrient
addition (Leff et al., 2015; Schleuss et al., 2019) and link it to element cycling processes.
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Here, we investigated how N and P addition (a) altered prokaryotic and fungal community
composition and (b) changed processes of soil element cycling. Further, we explored the
drivers of microbial community change and of element cycling processes to understand
the links between nutrient addition and microbial communities and between microbial
community change and element cycling. We hypothesized that N and P additions alter
prokaryotic and fungal community composition (i). We expected that these alterations
in prokaryotic and fungal community composition are mainly caused by altered soil pH
and by altered plant biomass and plant community structure under N and P addition
(ii). In addition, we hypothesized that changes in soil element cycling processes (mi-
crobial respiration, N mineralization, and non-symbiotic N2 fixation) are mediated by
changes in microbial community composition (iii). To close the critical knowledge gaps
about microbial and ecosystem responses to nutrient inputs, we studied soil microbial
community structure and element cycling in a grassland N and P addition experiment in
the USA after nine years of annual nutrient addition.

2.5.2 Material and Methods

2.5.2.1 Site description and experimental design

We studied a grassland site in the Central Plains, USA, that belongs to a worldwide
research cooperation called Nutrient Network (Borer et al., 2014). The site is located
within the Cedar Creek Ecosystem Science Reserve, Minnesota, USA (45.43 N, -93.21 E).
The mean annual temperature is 6 ◦C and mean annual precipitation is 800 mm yr−1.
The site is situated 270 m above sea level on the Anoka Sand Plain, an outwash plain of
the Wisconsin Glacial Episode giving the soil a sandy texture (88.7 % sand, 9.7 % silt
and 1.5 % clay). The soil is an Arenosol according to WRB classification and the site is
currently vegetated by tallgrass prairie.
Nutrients have been added annually to 5 x 5 m plots at the beginning of the growing

season since 2008. Six different nutrient addition treatments were studied here that
consist of different levels of N addition (control, N1, N5, and N10), a combined N and
P addition treatment (N10P10, later referred to as N10P), and a P addition treatment
(P10, later referred to as P). Nutrient addition treatments were each replicated in three
blocks. The three different levels of N (1, 5, and 10 g N m−2 yr−1) were added as time-
release urea ((NH2)2CO). Further, 10 g P m−2 yr−1 was added as triple-super phosphate
(Ca(H2PO4)2) without N and in combination with 10 g N m−2 yr−1.

2.5.2.2 Soil sampling

Soils were sampled from 0-15 cm depth (called topsoil hereafter) and in a second depth
increment from 15-30 cm depth (called subsoil hereafter). Both depth increments covered
the A horizon. Six soil samples were taken per plot and depth from three replicate blocks
(blocks 1-3) using a soil corer with a diameter of 3.5 cm and combined into one mixed
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sample. Sampling was carried out in September 2017 at peak biomass and samples were
shipped to University of Bayreuth, Germany, directly after sampling. Subsequently, soils
were sieved (< 2 mm), and stones and roots were removed. An aliquot of each soil
sample was dried at 60 ◦C for soil chemical analyses, another aliquot was frozen for
microbial analyses, and a third aliquot was adjusted to 60 % water holding capacity and
pre-incubated for 1 week at 15 ◦C before incubation experiments were started. Soil water
content and water-holding capacity (WHC) were analyzed gravimetrically. To determine
WHC, we oversaturated fresh samples with water, drained them for 24 h on a sand bath,
determined the mass gravimetrically, and then dried them at 105 ◦C before determining
the dry weight.

2.5.2.3 Soil chemical parameters

Soil pH was measured in deionized water in a soil:water ratio of 1:2.5 (m:v) using air-
dried soil. Soil samples were milled prior to the determination of total organic C (TOC),
total N (TN), and total P (TP). TOC and TN were measured using an element analyzer
(Vario Max Elementar, Hanau, Germany). TP was determined by ICP-OES (Vista-Pro
radial, Varian) after pressure digestion in aqua regia (HNO3 + HCl). Dissolved organic
C (DOC), dissolved total N (DN), and dissolved inorganic P (DIP) were extracted in
deionized water in a ratio of 1:4 (soil:water) by shaking for one hour. Water extracts
were filtrated through 0.45 µm filters using an under-pressure device. Concentrations of
DOC and DN were quantified by a TOC/TN Analyzer (multi N/C 2100, Analytik Jena,
Germany), and DIP concentrations were quantified by a spectrophotometer (UV 1800,
Shimadzu) using the molybdenum blue method (Murphy and Riley, 1962).

2.5.2.4 Microbial biomass carbon

Microbial biomass C concentrations were determined using the chloroform fumigation-
extraction method (Brookes et al., 1982; Vance et al., 1987). Each soil sample was split
into two aliquots of which one was fumigated with chloroform for 24 h and the other not.
Fumigated and non-fumigated samples were extracted in 0.5 M K2SO4 in a ratio of 1:5
(soil:extractant). Samples were diluted in a ratio of 1:20 before measuring dissolved C
using a TOC/TN analyzer (multi N/C 2100, Analytik Jena, Jena, Germany). Microbial
biomass C was calculated by subtracting the concentrations of the non-fumigated samples
from the fumigated samples, and by multiplying the difference with a conversion factor
of 2.22 (Jenkinson et al., 2004).

2.5.2.5 Microbial respiration

Soil samples of 40 g dry-weight equivalent were incubated for 35 days at 15 ◦C in the
dark. Respired CO2 was trapped in 0.6 M KOH and changes in electrical conductivity
were measured by a respirometer (Respicond V, Nordgen Innovations). Cumulative CO2
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was measured continuously (every 2 hours) and respiration rates were calculated based
on the linear increase in accumulated C-CO2 over time (Heuck and Spohn, 2016).

2.5.2.6 Net N mineralization

Sub-samples of 20 g soil dry-mass equivalent were extracted in 80 ml distilled water on an
overhead shaker for one hour and filtrated through 0.45 µm filters using an under-pressure
device. The extraction-filtration procedure was repeated after 0, 14, 28, and 42 days of
soil incubation at 15 ◦C. Water extracts were measured for ammonium (N-NH4

+) and
nitrate (N-NO3

−) via flow injection analysis (FIA-Lab, MLE Dresden) and ICP-OES,
respectively. Net N mineralization rates were calculated based on the linear increase of
N-NH4

+ and N-NO3
− (dissolved inorganic N, DIN) over time.

2.5.2.7 Non-symbiotic N2 fixation

Non-symbiotic fixation of atmospheric N2 was measured based on a 15N stable isotope
approach (Zechmeister-Boltenstern, 1996). A dry-mass equivalent of 4 g fresh soil (60 %
WHC) was filled into 12 ml exetainers (Labco). All exetainers were closed, flushed with
argon (Ar), carefully evacuated, and finally filled with 7.2 ml 15N2 (99.8 atom% 15N2,
Sigma Aldrich, batch number: MBBB5815V) and 0.8 ml O2 and incubated in the dark
at 15 ◦C for 72 h in the 15N enriched artificial atmosphere. To control the artificial 15N-
enriched atmosphere, pressure changes were noted before and after adding 15N2 and O2.
The average atmospheric composition consisted of 72.5 % 15N2, 8.2 % O2, and 19.2 %
Ar in v/v%. The samples being exposed to 15N-N2 as well as the samples that were
not exposed to 15N-N2 (natural abundance) were dried at 50◦C, milled and analyzed for
15N (Delta plus, Conflo III, Thermo Electron Cooperation, Bremen, Germany). The 15N
atom% was calculated using the isotope ratio of each sample (Rsample= 15N/14N). The
15N2 fixation was calculated using an isotope mixing model (Zechmeister-Boltenstern,
1996):

15N2 fixation rate (ng N g soil−1 h−1) =

TN (mg N g soil−1) ×
15Nlabeled (at%) − 15NNA (at%)

100 × t (h)
× 106

where TN is the total soil N (in mg N per g soil), 15Nlabeled is the content of 15N atoms
in the labeled sample, 15NNA is the content of 15N atoms in the control samples, and t
is the incubation time (in h).

2.5.2.8 Sequencing

Before pre-incubation of soil for the incubation experiments, samples for amplicon se-
quencing were taken and frozen. The DNeasy PowerSoil Kit (Qiagen) was used to extract
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DNA of 400 mg soil of each sample. The V4 region of the prokaryotic 16S rRNA gene and
the fungal ITS2 region were amplified (primers F-515- GTGCCAGCMGCCGCGGTAA,
R-806-GGACTACHVGGGTWTCTAAT for prokaryotes (Caporaso et al., 2011); and F-
ITS4-TCCTCCGCTTATTGATATGC (White et al., 1990), R-ITS7-GTGARTCATCGA-
ATCTTTG for fungi (Ihrmark et al., 2012); modified with heterogeneity spacers accord-
ing to Cruaud et al. (2017)) and sequenced using the Nextera XT kit (Illumina) on an
Illumina MiSeq with 2 x 300 bp. Primer sequences were removed from reads using cut-
adapt v1.8 (allowing 4 mismatches). Both 16S and ITS amplicon reads were processed
separately using DADA2 (Callahan et al., 2016: maximum estimated error: 0.7, trunca-
tion quality score: 2, length of first/second read: 230 / 200), to estimate error models for
the whole run to yield counts at sequence variant level. Chimeras were removed. For the
ITS data set, non-fungal reads were removed according to ITSx annotation (Bengtsson-
Palme et al., 2013). Sequences were taxonomically classified using mothur ’s classify.seqs
(Schloss et al., 2009) against the UNITE v8 database for ITS (Kõljalg et al., 2013), and
the SILVA v132 database for 16S sequences (Quast et al., 2013). Amplicon sequence
variants (ASVs) not classified as the target taxa (‘Fungi’ for the ITS data set, ‘Bacteria’
or ‘Archaea’ for the 16S data set) were removed. Chloroplast and mitochondria sequences
were manually removed from the 16S data set.

2.5.2.9 Plant sampling

At peak biomass in 2017, all aboveground plant biomass was clipped in two 0.1 x 1 m
strips within each 5 x 5 m plot, and the current year’s growth was sorted to species level,
dried to a constant mass at 60 ◦C, and weighted to the nearest 0.01 g. Areal cover and
identity of all species was estimated visually in a 1 m2 quadrat in each plot.

2.5.2.10 Accession numbers

The raw sequencing data from 16S rRNA genes and ITS regions were deposited in NCBI’s
sequence read archive under the accession number PRJNA596166.

2.5.2.11 Statistics

To test significant differences in soil properties and element cycling rates between treat-
ments and depth increments, two-way ANOVA was conducted followed by Tukey-Test for
multiple comparisons (p < 0.05). Previously, data were checked for normal distribution
(Shapiro-Wilks test) and homogeneity of variance (Levene’s test) and log- or square root-
transformed if data were not normally distributed and variances were not homogenous.
Prokaryotic and fungal beta-diversity was calculated as Jensen-Shannon divergences

(JSD) of sum-normalized community profiles at ASV level (using vegan and phyloseq
packages (Oksanen et al., 2019; McMurdie and Holmes, 2013)). To test for pairwise dif-
ferences in community profiles of all treatment levels, analyses of similarity (ANOSIM)
were performed on JSDs, stratifying for sampling depth (using vegan’s function anosim
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(Oksanen et al., 2019)). Non-metric multi-dimensional scaling (NMDS) plots were cal-
culated based on the JSD after sum-normalization at ASV level using the phyloseq im-
plementation metaMDS (McMurdie and Holmes, 2013).

N and P addition were assessed as independent variables in a multivariate analysis
of beta-diversity by permutational multivariate analysis of variance (PERMANOVA) of
JSDs (using adonis2 of the vegan package (Oksanen et al., 2019)). The same analyses
were conducted at the taxonomic ranks of genus, family, order, class, phylum, and using
weighted UniFrac distances for prokaryotic data and at the taxonomic ranks of genus,
family, order, class, and division for fungal data (using vegan and phyloseq packages
(Oksanen et al., 2019; McMurdie and Holmes, 2013)). Differentially abundant genera
were detected from a data matrix containing the samples from the Ctrl, N10, N10P and
P treatments with reads summed up at genus level using DESeq2 (Love et al., 2014) with
the model Y ∼ N * P. To test if plant beta-diversities correlated with beta-diversities of
prokaryotes and fungi, Mantel tests were performed using the mantel.rtest function from
the R-package ade4 (Dray and Dufour, 2007).

To identify the main controls of prokaryotic and fungal community composition, PER-
MANOVA was conducted as well. Only soil data from the first depth increment was
used for these analyses to match the plant data. Plant communities were represented
by plant Shannon diversity and the first three axes of a principal coordinate analysis
based on plant community JSD (using the phyloseq and ape packages (McMurdie and
Holmes, 2013; Paradis and Schliep, 2019)). The soil and plant variables with signifi-
cant explanatory values in single-factor PERMANOVAs were determined and added to
a combined model after removal of collinearity. As PERMANOVA is sensitive to factor
order, variables were given by decreasing importance in single-factor models.

For identification of the main controls on microbial respiration, net N mineralization,
and non-symbiotic N2 fixation, multiple backward stepwise regression analysis was ap-
plied using the stepAIC function in R. The initial linear model contained soil pH, TOC,
TN, DOC and DN concentrations, DOC:DN ratio, prokaryotic and fungal community
composition (based on first axis of principal coordinates analysis), plant diversity and
plant biomass (same variables as used to assess drivers of microbial community com-
position + prokaryotic and fungal community composition as potential drivers). Level
of significance was chosen at p < 0.05. The first model with a p-value below 0.05 and
the highest number of remaining variables was selected to show the influence of several
variables. Variance inflation factors were used to check for multicollinearity and highly
collinear variables were dropped. The order of variables in further analyses was based on
AIC from stepwise regression analysis, except that DN was placed as first independent
variable as we considered it to be the main factor related to the N treatment.

Plant diversity was calculated using Shannon’s Diversity (H ′ = −
∑

(pi ∗ ln (pi) ),
where pi is the frequency of occurrence of each species). To test if nutrient additions sig-
nificantly affected plant diversity and biomass, one-way-ANOVA was conducted followed
by Tukey-Test for multiple comparisons. To assess the plant community composition, we
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first calculated Bray-Curtis distance matrices in PRIMER 7 (Clarke and Gorley, 2015)
with 999 permutations before NMDS was applied to display the community composition.
After the calculation of Bray-Curtis matrices, one-way-ANOSIM with 999 permutations
was used to test significant effects of nutrient addition. Statistical analyses were done
using R (R Core Team, 2018).

2.5.3 Results

2.5.3.1 Soil physical and chemical parameters

After nine years of N addition, topsoil pH was significantly lower in the highest N level
compared to the control and the P addition treatments (Table 1), whereas in the second
depth increment, nutrient addition did not change soil pH. Mean topsoil TOC concen-
tration across all treatments amounted to 12.2 ± 5.1 g C kg soil−1, TN concentrations
to 0.9 ± 0.2 g N kg soil−1, and TP concentrations to 0.5 ± 0.1 g P kg soil−1 (Table
1). Total element concentrations were not significantly affected by nine years of element
addition (Table 1).
The mean topsoil DOC concentration across all treatments amounted to 19.4 ± 3.9 mg

C kg soil−1. Under NP addition, topsoil DOC concentrations were significantly higher
compared to the control and the lowest N addition level. In contrast, nutrient addition did
not significantly change the DOC concentration in the second depth increment (Table
1). N addition rates of 1, 5, and 10 g N m−2 yr−1 gradually increased the topsoil
DN concentration 2, 7, and 10 times, respectively, compared to the control, whereas P
addition did not significantly change topsoil DOC and DN concentrations compared to
the control. The molar topsoil DOC:DN ratio was highest in the control (18.1 ± 11.3) and
under P addition (12.0 ± 6.1), and compared to control, decreased 3, 15, and 24 times
exposed to 1, 5, and 10 g of N m−2 yr−1, respectively. Further, mean DIP concentrations
were significantly higher under P addition compared to the control and to all levels of N
addition in both depth increments (Table 1).

2.5.3.2 Microbial biomass carbon and element cycling processes

Nutrient addition did not significantly change microbial biomass C or microbial respi-
ration in either depth increment compared to the control (Table 2). Further, microbial
respiration per unit microbial biomass C (metabolic quotient; qCO2) was about twice as
high in the control treatment than in the lowest N addition treatment, but differences
were not statistically different due to the large variation among the plots (Table 2). Top-
soil net N mineralization rates were 2 - 4 times higher under any level of N and combined
NP addition compared to the control (Table 2). Non-symbiotic N2 fixation rates in the
second soil depth increment were 1.7 times higher under the lowest level of N addition
and 1.8 times higher under P addition compared to the control (Table 2).
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Table 1: Soil pH, total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP), dissolved organic carbon (DOC), dissolved nitrogen (DN),
and dissolved inorganic phosphorus (DIP) concentrations under N and P addition in 0-15 cm and 15-30 cm soil depth. Numbers depict means ± standard
deviations (n=3). Two-way ANOVA was conducted followed by Tukey-Test for multiple comparisons. Lower-case letters indicate significant differences
between treatments tested separately for each depth increment. If no lower-case letters are shown, treatments did not differ significantly. Asterisks indicate
significant differences between depth increments tested individually for each treatment.

Depth N addition P addition pHH2O TOC1 TN1 TP2 DOC DN1 DIP1 DOC:DN ratio2

(cm) (g m−2 yr−1) (g m−2 yr−1) (g kg−1) (mg kg−1)

0-15 0 0 5.27 ± 0.08a 9.44 ± 0.87 0.71 ± 0.09 0.31 ± 0.03 14.59 ± 0.30a 3.20 ± 3.61a 0.16 ± 0.10a 18.08 ± 11.31a
1 0 5.03 ± 0.16ab 16.18 ± 3.84 1.14 ± 0.31 0.48 ± 0.21 17.37 ± 1.75a 6.77 ± 6.04abc 0.18 ± 0.07a 6.09 ± 4.02a
5 0 4.98 ± 0.18ab 11.79 ± 5.71 0.89 ± 0.43 0.36 ± 0.17 20.14 ± 4.15ab 21.68 ± 8.65bc 0.13 ± 0.08a 1.19 ± 0.28bc
10 0 4.70 ± 0.14b 15.68 ± 7.16 1.13 ± 0.53 0.46 ± 0.20 20.24 ± 3.91ab 32.88 ± 12.71c 0.13 ± 0.05a 0.77 ± 0.15c
0 10 5.27 ± 0.08a 8.99 ± 0.25 0.61 ± 0.04 0.58 ± 0.08 19.75 ± 0.87ab 2.73 ± 1.68ab 13.37 ± 2.25b 12.04 ± 6.14a
10 10 4.84 ± 0.08ab 11.01 ± 2.80 0.82 ± 0.21 0.56 ± 0.09 24.28 ± 2.15b 13.42 ± 2.36abc 12.29 ± 2.89b 2.14 ± 0.17ab

15-30 0 0 5.36 ± 0.08 5.17 ± 0.88 0.35 ± 0.07 0.24 ± 0.03 10.90 ± 0.50 1.32 ± 0.51a 0.06 ± 0.02a* 10.89 ± 3.27a
1 0 5.23 ± 0.26 11.32 ± 6.33 0.77 ± 0.44 0.43 ± 0.25 12.59 ± 1.97* 5.65 ± 3.84ab 0.05 ± 0.03a* 3.59 ± 1.53ab
5 0 5.22 ± 0.29 8.64 ± 5.19 0.60 ± 0.34 0.36 ± 0.14 12.76 ± 2.05* 12.77 ± 0.94c 0.04 ± 0.02a* 1.18 ± 0.24c
10 0 5.17 ± 0.15* 10.39 ± 6.40 0.67 ± 0.40 0.40 ± 0.16 12.48 ± 1.65* 10.01 ± 0.85bc 0.04 ± 0.01a* 1.45 ± 0.08bc*
0 10 5.45 ± 0.19 4.44 ± 0.41 0.33 ± 0.05 0.36 ± 0.03 12.42 ± 0.23* 2.06 ± 1.20ab 4.19 ± 0.45b* 9.60 ± 4.69a
10 10 4.96 ± 0.18 5.76 ± 1.73 0.40 ± 0.08 0.38 ± 0.05 14.91 ± 1.03* 6.96 ± 1.69ab 5.01 ± 0.73b* 2.65 ± 0.64abc

1 Data were log10 transformed for statistical tests
2 Data were reciprocally transformed (1/x) for statistical tests
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Table 2: Microbial biomass carbon (MBC), microbial respiration, microbial respiration per unit MBC (qCO2), net nitrogen (N) mineralization, and
non-symbiotic nitrogen (N2) fixation under N and P addition in 0-15 cm and 15-30 cm soil depth. Numbers depict means ± standard deviations (n=3).
Two-way ANOVA was conducted followed by Tukey test for multiple comparisons. Lower-case letters indicate significant differences between treatments
tested separately for each depth increment. If no lower-case letters are shown, treatments did not differ significantly. Asterisks indicate significant differences
between depth increments tested individually for each treatment.

Depth N addition P addition MBC Respiration qCO2 N mineralization Non-symb. N2 fixation
(cm) (g m−2 yr−1) (g m−2 yr−1) (mg C kg soil−1) (mg C kg soil−1 d−1) (mg C (g MBC)−1 d−1) (mg N kg soil−1 d−1) (ng N g soil−1 d−1)

0-15 0 0 162.68 ± 51.18 8.30 ± 3.03 51.59 ± 16.09 0.09 ± 0.05a 0.69 ± 0.09
1 0 155.81 ± 35.26 3.41 ± 0.27 22.73 ± 3.83 0.20 ± 0.03bc 1.13 ± 0.20
5 0 163.70 ± 47.23 3.80 ± 1.29 23.11 ± 4.43 0.32 ± 0.07d 1.28 ± 0.13
10 0 235.22 ± 36.29 5.75 ± 1.87 25.97 ± 12.03 0.25 ± 0.02bcd 1.02 ± 0.41
0 10 192.71 ± 7.12 6.69 ± 3.97 34.73 ± 20.79 0.16 ± 0.03ab 1.08 ± 0.17
10 10 168.81 ± 80.65 4.01 ± 1.80 29.32 ± 13.13 0.28 ± 0.05cd 0.79 ± 0.21

15-30 0 0 118.62 ± 83.95 2.32 ± 0.85* 27.29 ± 17.16 0.06 ± 0.01 1.05 ± 0.21a
1 0 113.07 ± 66.81 2.03 ± 0.97 39.34 ± 26.35 0.09 ± 0.03* 1.78 ± 0.27b*
5 0 95.29 ± 37.12 1.62 ± 0.48 17.85 ± 2.47 0.12 ± 0.01* 1.50 ± 0.29ab
10 0 100.30 ± 38.56* 1.48 ± 0.33* 16.74 ± 5.44 0.11 ± 0.01* 1.74 ± 0.19ab*
0 10 45.87 ± 21.92* 1.97 ± 0.77* 39.49 ± 17.56 0.07 ± 0.02* 1.87 ± 0.28b*
10 10 133.81 ± 87.67 2.19 ± 0.47 27.75 ± 14.93 0.13 ± 0.01* 1.20 ± 0.03ab
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Table 3: Multiple regression analysis after backward stepwise selection for identification of environmental controls on microbial respiration, net nitrogen
(N) mineralization, and non-symbiotic N2 fixation in 0-15 cm depth. The initial model contained soil pH, total organic carbon (TOC), total N (TN),
dissolved organic carbon (DOC), and dissolved N (DN) concentrations, DOC:DN ratio, prokaryotic and fungal community composition (based on first
axis of principal coordinates analysis), and plant biomass and diversity. Displayed is the first model with a p-value below 0.05 and the highest number
of remaining variables to show the influence of several variables. Variance inflation factors were used to check for multicollinearity and highly collinear
variables were dropped.

Variable Coefficient p-value % explained Multiple R² (model) Adj. R² (model) p-value (model)

Respiration (Intercept) 14.4002 0.010 0.43 0.31 0.044
DOC:DN ratio 0.3424 0.008 15.74
Plant diversity -6.1142 0.031 21.41
DN 0.0700 0.255 5.75

Net N mineralization (Intercept) -0.1944 0.335 0.77 0.60 0.014
DN 0.0030 0.114 42.93
Fungal comm. 0.0859 0.095 8.95
DOC 0.0110 0.117 18.77
Plant diversity 0.0697 0.344 0.62
Plant biomass 0.0001 0.392 3.09
TN -0.0528 0.412 2.26
Prok. comm. 0.0014 0.969 0.00

Non-symbiotic N2 fixation (Intercept) -0.9078 0.254 0.59 0.42 0.038
Plant diversity 0.6933 0.037 0.42
DOC:DN ratio -0.0115 0.219 17.31
TOC 0.0227 0.128 24.16
Plant biomass 0.0006 0.089 9.34
Prok. comm. -0.2140 0.166 7.47
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Stepwise multiple regression analysis revealed that DOC:DN ratio, plant diversity, and
DN concentrations could account for 15.7 %, 21.4 %, and 5.8 % of microbial respiration,
respectively (Table 3, Figure 1, plant data is described in section 3.3). Further, DN
(42.9 %), DOC (18.8 %), and fungal community composition (9.0 %) were the best
explanatory variables for net N mineralization rates (Table 3, Figure 1, fungal data is
described in section 3.5). For non-symbiotic N2 fixation, TOC (24.2 %), DOC:DN ratio
(17.3 %), plant biomass (9.3 %), and prokaryotic community composition (7.5 %) were
the variables explaining the largest proportion of variation (Table 3, Figure 1, prokaryotic
data is described in section 3.4).

2.5.3.3 Plant diversity, biomass, and community composition

Plant diversity was not significantly different in any of the nutrient addition treatments
compared to the control. However, diversity tended to decline with increasing N addition
and was lowest in the NP treatment (Figure S1a). Plant biomass amounted to 283.4 ± 8.8
g m−2 in the control plots and was significantly higher under combined NP addition (975.7
± 144.4 g m−2, Figure S1b). Single N or P addition did not significantly affect plant
biomass compared to the control (Figure S1b). There were no strong changes/trends in
the plant community composition due to nutrient addition in the three sampled blocks
(Figure S2).

2.5.3.4 Prokaryotic community composition

Combined NP addition significantly shifted the prokaryotic community composition across
both depth increments compared to the community in the control (Table S1). Both N10
and NP addition significantly altered the prokaryotic community composition as com-
pared to P addition calculated across both depth increments (Table S1). Only consid-
ering 0-15 cm soil depth, community composition in all treatments was not significantly
different due to statistical power issues (Figure 2).
Addition of N (highest N addition treatment compared to control) accounted for be-

tween 10 % and 28 % of the variance in bacterial community composition across all
taxonomic ranks (Table S2). Further, P addition accounted for a smaller proportion of
bacterial community composition than N addition (between 5 % and 8 % of variance).
Addition of N accounted for a significant proportion of variance of the archaean com-
munity composition at ASV level (between 17 % and 32 %), whereas P addition had no
explanatory power (Table S2). Together N and P addition accounted for between 18 %
and 35 % of the variance in prokaryotic community composition in the highest N level
compared to the control across all taxa (Table S2).
Variation in the prokaryotic community was highly correlated with the plant commu-

nity (Mantel test r = 0.48, p = 0.001). However, plant community composition accounted
for only 10 % of variance in prokaryotic community composition in a multi-factor PER-
MANOVA (Table S3) considering all significant factors from single-factor PERMANOVA,
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Figure 1: Proportion of microbial respiration (a), net nitrogen (N) mineralization (b), and non-
symbiotic N2 fixation rates (c) in 0-15 cm soil depth explained by the displayed soil, microbial,
and plant factors. Soil factors include soil pH, total organic carbon (TOC), dissolved organic
carbon-to-dissolved nitrogen ratio (DOC:DN), total nitrogen (TN), dissolved organic carbon
(DOC), and dissolved nitrogen (DN). Microbial factors include prokaryotic and fungal community
composition at OTU level based on first axis of principal coordinates analysis. Plant factors
include plant biomass, and plant diversity measured as Shannon diversity. All input variables
are displayed, for a significant model, variables were removed stepwise as displayed in Table 3.
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whereas soil pH and TOC concentration accounted for a larger proportion of variance in
community composition with 23 % and 20 %, respectively (Figure 3a).
In total, bacterial reads were assigned to 41 different prokaryotic phyla with Pro-

teobacteria, Acidobacteria, and Actinobacteria being the dominant phyla in both depth
increments. Under N10 addition, the relative abundances of sequencing reads of nine
prokaryotic genera increased, while the relative abundances of twelve genera decreased,
compared to the control (Table S4, based on DESeq2 analysis). P addition decreased the
relative abundances of two prokaryotic genera and two prokaryotic genera were affected
by the interactive effects of N and P (Table S4). Of these genera, Rhodanobacter and
Sphingomonas were above a relative abundance of 2 % (Figure 4).

2.5.3.5 Fungal community composition

The lowest and the highest level of N addition as well as combined NP addition signif-
icantly altered the fungal community composition compared to control and P addition
calculated across both depth increments (Table S1). Combined NP addition significantly
shifted the fungal community compared to the communities of all other treatments cal-
culated across both depth increments (Table S1). Only considering 0-15 cm soil depth,
community composition in all treatments was not significantly different due to statistical
power issues (Figure 2).
Considering only the highest N addition treatment compared to the control, N addition

accounted for between 12 % and 46 % of variance of the fungal community composition
across all taxonomic ranks (Table S2). In contrast, P addition only accounted for a signif-
icant proportion of variance (14 %) at the division level but not at any other taxonomic
rank (Table S2).
The variation in the fungal community was highly correlated with the plant commu-

nity (Mantel test r = 0.46, p = 0.001). However, in multi-factor PERMANOVA (Table
S3), considering all significant factors from single-factor PERMANOVA, plant commu-
nity composition accounted for only 9 % of variation in fungal community composition,
whereas the DOC:DN ratio accounted for 21 % (Figure 3b).
Fungal reads were assigned to 13 different fungal divisions, of these Ascomycota, Ba-

sidiomycota, and Mortierellomycota showed the highest relative abundance across both
depth increments. Under N10 addition, the relative abundances of sequencing reads of
four fungal genera decreased, whereas one genus increased (Table S4, based on DESeq2
analysis). Of these genera, Clavaria and Hygrocybe (both Basidiomycota) were above
1% relative abundance (Figure 5).
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Figure 2: Prokaryotic (a) and fungal (b) community composition at ASV level displayed via non-
metric multidimensional scaling (NMDS) of Jensen-Shannon divergences for different treatments
in 0-15 cm soil depth. To test for significant differences in community profiles of all treatments,
analyses of similarity were performed on JSDs of both depth increments (Table S1) stratifying
for sampling depth.

Figure 3: Proportion of variation (R²) of prokaryotic (a) and fungal (b) community composition
explained by the displayed soil and plant factors in 0-15 cm soil depth. Results are based on per-
mutational multivariate analyses of variance (PERMANOVA) using Jensen-Shannon divergence
of microbial communities at OTU level (Table S3), included are all factors with significant ex-
planatory value in single-factor PERMANOVA. Soil factors include soil pH, total organic carbon
(TOC), dissolved organic carbon-to-dissolved nitrogen ratio (DOC:DN), total nitrogen (TN),
dissolved organic carbon (DOC), and dissolved nitrogen (DN). Plant factors include plant com-
munity based on the first axis of principal coordinates analysis, plant biomass, and plant diversity
measured as Shannon diversity.
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Figure 4: Relative abundances of prokaryotic genera in 0-15 cm soil depth. Displayed are
prokaryotic genera that made up > 2% of relative abundance. Prokaryotic genera < 2% relative
abundance were grouped as “Other”. Differentially abundant genera were detected from a data
matrix containing the samples from the Ctrl, N10, N10P and P treatments with reads summed
up at genus level, using DESeq2 with the model Y N * P. Differentially abundant genera are
indicated with an asterisk in the legend and displayed in Table S4.

Figure 5: Relative abundances of fungal genera in 0-15 cm soil depth. Displayed are genera with
> 1% relative abundance. Unclassified fungi and fungal genera < 1% abundance were grouped as
“Other”. Differentially abundant genera were detected from a data matrix containing the samples
from the Ctrl, N10, N10P and P treatments with reads summed up at genus level, using DESeq2
with the model Y N * P. Differentially abundant genera are indicated with an asterisk in the
legend and displayed in Table S4.

200



2.5 Study V - Microbial community

2.5.4 Discussion

By studying a unique nutrient-addition experiment, we investigated the link between
changes in microbial communities and soil element-cycling processes such as microbial
respiration, N mineralization, and non-symbiotic N2 fixation that play a key role in
soil C and N cycling. We found that nutrient addition significantly affected microbial
community composition. We found that soil, not plant, properties affected microbial
communities under nutrient addition and that changes in microbial communities were
not reflected in most element cycling rates.

2.5.4.1 Changes in soil microbial element cycling under nutrient addition

Unchanged microbial respiration under nutrient addition, despite changed microbial com-
munity composition, indicates functional redundancy of the soil microbial community
with respect to C mineralization as has been found in other studies (Banerjee et al.,
2016; Rousk et al., 2009; Wertz et al., 2006). Thus, contrary to previous findings (Liu
and Greaver, 2010), N inputs might not lower soil CO2 emissions in this grassland as
corroborated in a global meta-analysis (Yue et al., 2016). Correlational analyses indi-
cated that abiotic factors, mainly the DOC:DN ratio that changed along our N gradient,
accounted for a large proportion of microbial respiration demonstrating the importance
of substrate stoichiometry for controlling microbial respiration (Spohn, 2015; Spohn and
Chodak, 2015). Besides substrate stoichiometry, plant diversity explained a large pro-
portion of variation in microbial respiration as found in a global meta-analysis (Chen et
al., 2019a). The maintenance of the microbial respiration rate and biomass production,
despite changes in the microbial community, may have occurred because a limited set
of metabolic pathways is associated with core processes, such as respiration, in soil mi-
crobial clades (Falkowski et al., 2008). Consequently, these functions shared by many
microbial taxa, are less affected by changes in microbial community composition than
more specific processes (Griffiths et al., 2000; Wertz et al., 2006; Louca et al., 2018;
Schimel, 1995).
Further, N addition increased N mineralization rates as commonly observed (Vourlitis

et al., 2007; Vestgarden et al., 2003; Ma et al., 2011) and this increase was associated
with changes in DN and DOC concentrations. Whether N release or immobilization
prevails also depends on the availability of C in relation to N (Manzoni et al., 2008).
Microorganisms are most likely to release excess N when microbial C demands are not
met, and N supplies exceed demands. In contrast, microorganisms likely retain N in their
biomass when abundant C is available and N demands are not covered (Manzoni et al.,
2008; Heuck and Spohn, 2016).
In contrast to processes, such as respiration, that are performed by many microorgan-

isms, specialized functions that are restricted to a few groups, such as non-symbiotic N2

fixation by free-living microorganisms (Dixon and Kahn, 2004), might be more affected by
microbial community change (Schimel, 1995; Reed et al., 2010). However, correlational
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analysis indicated that the TOC concentration was the major driver of non-symbiotic N2

fixation rates. This is likely because non-symbiotic N2 fixation is one of the most energy-
costly biological processes on earth (Hill, 1992; Smith, 1992) and enough energy- and
C-sources need to be available to support non-symbiotic N2 fixation (Reed et al., 2011).
Further, the experimental P addition increased non-symbiotic N2 fixation likely because
P is needed to produce sufficient ATP to fuel the energy-costly process of N2 fixation
(Reed et al., 2011). Surprisingly, the lowest level of N addition significantly enhanced
N2 fixation rates in the subsoil. An explanation could be that under N1 addition TOC
concentrations were increased when calculated across both depth increments confirming
the importance of C sources on non-symbiotic N2 fixation.

Prokaryotic community composition accounted for around 8 % of non-symbiotic N2

fixation, indicating some importance of microbial community composition on more spe-
cialized functions such as non-symbiotic N2 fixation. Taken together, microbial commu-
nity composition was largely unrelated to changes in element-cycling rates caused by N
and P additions. Thus, community change under nutrient addition may not necessarily
mean change in ecosystem functioning.

2.5.4.2 Drivers of prokaryotic community composition under nutrient addition

Prokaryotic community composition was only affected by the highest level of N addition,
under which also soil pH decreased. Accordingly, correlation analyses also indicated that
soil pH was one of the most important determinants of the prokaryotic community com-
position, as has been found in other studies (Ramirez et al., 2010; Lauber et al., 2009;
Fierer and Jackson, 2006; Rousk et al., 2010a). Soil pH can directly induce physiological
stress on soil prokaryotes impairing their growth or competitiveness (Fernández-Calviño
and Bååth, 2010). We found decreased relative abundances under N10 addition of the
myxobacterial genus Labilithrix (Yamamoto et al., 2014) that was also decreased in a
South African grassland (Schleuss et al., 2019) and in a Chinese forest soil (Cui et al.,
2017) due to N addition. The relative decrease in Labilithrix is likely associated with the
decreased soil pH under N10 addition, since its growth range is pH 5-9 (Yamamoto et al.,
2014). Decreased soil pH likely explained increased relative abundances of Rhodanobac-
ter species that can be considered as acid-tolerant denitrifiers and dominated bacterial
communities in acidic and nitrate-rich conditions (Green et al., 2012; van den Heuvel et
al., 2010).

N addition enhanced abundances of ammonia-oxidizing bacteria such as of Nitrosospira
and of ammonia-oxidizing archaea such as Candidatus Nitrocosmicus that oxidize am-
monia to nitrate and thus perform the first step of nitrification, as previously observed
(Carey et al., 2016; Yan et al., 2020). Further, under NP addition relative abundances of
Sphingomonas increased, as previously observed for a Chinese agricultural (Chen et al.,
2019b) and forest soil (Cui et al., 2017). Sphingomonas species are known as ubiquitously
occurring generalists (Aschenbrenner et al., 2017) with high catabolic versatility (Asaf
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et al., 2020) and seem to be favored by increased N and P availabilities likely because
nutrient addition makes the soil less oligotrophic.

Besides soil pH, TOC concentration accounted for a high proportion of prokaryotic
community composition according to our correlation analysis, reflecting the importance
of C as a limiting resource supporting and structuring microbial communities (Alden et
al., 2001; Heuck et al., 2015; Sul et al., 2013). For example, C availability structured
bacterial communities across N gradients in a grassland and an agricultural soil in the
USA (Ramirez et al., 2010), TOC was the most important factor that accounted for
differences in microbial community structure in an African savanna (Sul et al., 2013),
and differences in tree species derived C inputs under N addition were the main factor
driving microbial community composition in a hardwood forest (Weand et al., 2010).
TOC concentration also has been shown to control the number of metabolically active
cells in soil (Semenov et al., 2016). Although we sequenced total microbial communities
and not active microbial communities based on RNA analysis, most of the community
in the rhizosphere can be considered as active or potentially active rather than dormant
(Blagodatskaya and Kuzyakov, 2013). The root density in the topsoil of the sampled
grassland was very high suggesting that most of our soil volume was from the rhizosphere.

2.5.4.3 Drivers of fungal community composition under nutrient addition

Nutrient addition altered fungal more strongly than prokaryotic community. This is in
line with previous studies indicating that fungi react more sensitively to nutrient addition
than other microbial groups (Högberg et al., 2007; Freedman et al., 2015). In contrast to
the main drivers of the prokaryotic community, DOC:DN ratio was the strongest predic-
tor of the fungal community, according to correlation analysis. An explanation for this
finding could be that fungal and bacterial biomass show slightly different C:N ratios, with
C:N ratios around 5 for bacteria and around 10 for fungi in soils (Strickland and Rousk,
2010; De Deyn et al., 2008). Generally speaking, fungi and bacteria prefer substrates
with different C:N ratios (Sterner and Elser, 2002) with fungi preferring substrates with
a higher C:N ratio in comparison to bacteria (Six et al., 2006; Keiblinger et al., 2010;
Grosso et al., 2016). Thus, smaller DOC:DN ratios under N addition could have affected
especially fungal communities. However, certain fungi, mainly fast-growing fungi in the
Ascomycota, such as molds (Lundell et al., 2014), also benefit from smaller DOC:DN ra-
tios, whereas other fungi, mainly Basidiomycota, are specialists in decomposing complex
C sources with high C:N ratios (de Boer et al., 2005).

Consequently, the relative decreases in the saprothropic Basidiomycota genera Hygro-
cybe and Clavaria (Tedersoo et al., 2014) under N addition can be explained by their
sensitivity to elevated nutrient inputs (Griffith et al., 2002). For instance, the num-
ber of Hygrocybe strongly decreased through intensification of management in European
grasslands (Griffith et al., 2002; Griffith and Roderick, 2008). Decreasing Basidiomycota
abundances due to N addition have been found in other studies as well (Leff et al., 2015;

203



2.5 Study V - Microbial community

Nemergut et al., 2008; Klaubauf et al., 2010; Morrison et al., 2016).
In contrast to the prokaryotic community, the fungal community composition was not

as strongly controlled by soil pH, indicated by the correlation analysis. Previous studies
also confirmed that fungi were less sensitive to soil pH changes than bacteria (Rousk
et al., 2010a; Rousk et al., 2010b; Schleuss et al., 2019). However, plant and fungal
community composition were highly correlated, as found in other grasslands (Chen et
al., 2017; Prober et al., 2015), whereas a more detailed analysis revealed that nutrient
availabilities were more important drivers of fungal communities than plant biomass or
plant community structure. A global study confirmed that climatic and edaphic factors,
not plant diversity, predicted fungal richness at a global scale (Tedersoo et al., 2014).

2.5.4.4 Conclusion

Nine years of N addition altered prokaryotic and fungal community composition. The
response of the prokaryotic and fungal community composition to nutrient addition was
more tightly coupled to soil properties such as pH, TOC concentration, and DOC:DN
ratio than to changes in the plant community. The changes in microbial communities did
not affect microbial biomass and respiration rates indicating functional redundancy of
these variables. In general, element-cycling rates were mainly mediated by soil factors as
opposed to plant and microbial community shifts. Yet, over several decades, the observed
changes in in microbial community composition and element cycling will likely become
stronger. Taken together, our results suggest that changes in the microbial community
in response to increasing N inputs might not necessarily lead to a loss of microbial
functioning that underlies soil element cycling in grassland ecosystems.
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Supporting Information

Table S1: Statistical differences in prokaryotic (Prok.) and fungal community composition between nutrient addition treatments. Shown are p-values
(bottom triangle). Analyses of similarity were performed on Jensen-Shannon divergences of community profiles at OTU level stratified for sampling depth.

Prok. Fungi Prok. Fungi Prok. Fungi Prok. Fungi Prok. Fungi

Treatment Ctrl N1 N5 N10 N10P
Ctrl x x
N1 0.116 0.046* x x
N5 0.106 0.326 0.206 0.188 x x
N10 0.057 0.014* 0.142 0.141 0.236 0.192 x x
N10P 0.003** 0.005** 0.006** 0.048* 0.055 0.040* 0.010* 0.029* x x
P 0.189 0.703 0.100 0.043* 0.084 0.153 0.016* 0.010* 0.004** 0.005**
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Table S2: Changes in microbial beta-diversity depending on N and P addition. Results of permutational multivariate analysis of variance using weighted
UniFrac and Jensen-Shannon divergence (JSD) matrices with sample depth as strata are displayed.

Community Taxonomic rank Distance measure R² N addition p N addition R² P addition p P addition R² inter-
action term

p inter-
action term

total variance
explained

prokaryotes OTU weighted UniFrac 0.12 0.0001 0.06 0.003 0.02 0.5 19 %
prokaryotes OTU JSD 0.10 0.0001 0.05 0.006 0.03 0.2 18 %
prokaryotes genus1 JSD 0.26 0.0001 0.06 0.02 0.00 0.8 32 %
prokaryotes family1 JSD 0.26 0.0001 0.06 0.02 0.00 0.9 32 %
prokaryotes order1 JSD 0.25 0.0001 0.07 0.01 0.00 0.9 31 %
prokaryotes class1 JSD 0.28 0.0001 0.07 0.01 0.00 1 35 %
prokaryotes phylum1 JSD 0.20 0.0001 0.08 0.004 0.00 1 28 %
bacteria OTU weighted UniFrac 0.12 0.0001 0.06 0.003 0.02 0.4 20 %
bacteria OTU JSD 0.10 0.0001 0.05 0.006 0.03 0.2 18 %
bacteria genus1 JSD 0.25 0.0001 0.06 0.02 0.00 0.8 31 %
bacteria family1 JSD 0.26 0.0001 0.06 0.02 0.00 0.9 32 %
bacteria order1 JSD 0.25 0.0001 0.07 0.01 0.00 0.9 31 %
bacteria class1 JSD 0.28 0.0001 0.07 0.02 0.00 1 35 %
bacteria phylum1 JSD 0.20 0.0001 0.08 0.007 0.00 1 28 %
archaea OTU weighted UniFrac 0.32 0.0002 0.01 0.5 0.01 0.7 34 %
archaea2 OTU JSD 0.17 0.0001 0.03 0.1 0.01 0.9 21 %
fungi OTU JSD 0.12 0.0002 0.03 0.2 0.03 0.2 19 %
fungi genus1 JSD 0.40 0.0001 0.04 0.1 0.01 0.5 45 %
fungi family1 JSD 0.42 0.0001 0.04 0.1 0.01 0.6 46 %
fungi order1 JSD 0.44 0.0001 0.04 0.1 0.00 1 48 %
fungi class1 JSD 0.35 0.0004 0.05 0.1 0.00 1 40 %
fungi division1 JSD 0.46 0.0003 0.14 0.02 0.00 1 59 %

1 Analysis is based on classifiable proportion of the community
2 Too few OTUs of kingdom archaea were classified to genus, family, class and order level for multivariate analysis
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Table S3: Permutational multivariate analysis of variance (PERMANOVA) using Jensen-Shannon divergence (JSD) of microbial communities at OTU
level. Shown are the results of models that include all factors with significant explanatory value by single-factor PERMANOVA.

Community PERMANOVA results1

Factor R² p-value

prokaryotes

pH 0.23 0.0001
TOC 0.20 0.0001
plant community (PC1) 0.10 0.0004
plant biomass 0.06 0.02
DOC:DN ratio 0.06 0.02
plant diversity 0.04 0.2
TN 0.04 0.2
DOC 0.04 0.2
DN 0.03 0.5

fungi

DOC:DN ratio 0.21 0.0001
plant diversity 0.09 0.02
plant community (PC1) 0.09 0.02
TN 0.08 0.02
pH 0.06 0.1
plant biomass 0.05 0.1
DN 0.05 0.2
TOC 0.04 0.3
DOC 0.03 0.6

1 Soil and treatment factors: pHH2O, TOC, TN, TOC:TN
ratio, DOC, DN, DOC:DN ratio, plant diversity, plant
biomass, plant community composition (axis 1, 2, and 3 of
PCoA, Plants used for PCoA: Achillea millefolium, Agrostis
scabra, Andropogon gerardii, Carex sp., Conyza canadensis,
Elymus repens, Lespedeza capitata, Panicum oligosanthes,
Poa pratensis, Rumex acetosella, Schizachyrium scoparium)
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Table S4: Changes in relative microbial abundances depending on N and P addition (top soil and only the highest N addition compared to no N addition).
The results of DESeq2 analysis are displayed.

Community Taxonomic rank Number of taxa Identity of differential taxa

decreasing with N increasing with N decreasing with P increasing
with P interaction P:N

prokaryotes genus1 315

Aeromicrobium,
Anaeromyxobac-
ter, Enterobacter,
Ferruginibacter,
Labilithrix, Mi-
crobacterium,
Microvirga,
Pelomonas,
Polycyclovorans

Actinospica,
Candidatus Ni-
trocosmicus,
Catenulispora,
Chujaibac-
ter, Devosia,
Granulicella,
Nitrosospira,
Occallatibacter,
Pseudolabrys,
Rhodanobacter,
and Rhodopseu-
domonas

Enterobacter,
Acidisphaera

Enterobacter,
Sphingomonas

fungi genus1 325

Archaeorhizomyces,
Clavaria, Hygro-
cybe, Myxo-
cephala

Scutellinia

1 analysis is based on classifiable portion of the community
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Figure S1: Plant diversity (Shannon Index) (a) and plant biomass (b) under nutrient addition.
One-Way-ANOVA was conducted followed by Tukey Post Hoc Test for multiple comparisons to
test significant differences between nutrient addition treatments. Shown are means, and error
bars depict standard deviations (n=3).

Figure S2: Plant community composition displayed via non-metric multidimensional scaling
(NMDS) of Bray-Curtis similarities for different treatments. Differences between nutrient addi-
tion treatments were tested using one-way-ANOSIM with 999 permutations.
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