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Abstract

Terrestrial ecosystems have experienced risinggetr (N) inputs during the last decades
with consequences for belowground carbon (C) amtyamics. This study investigates how
long-term N and phosphorus (P) additions affectrotiial community composition, and to
what extent microbial homeostasis explains changeésferent processes involved in soil C
and N cycling in response to nutrient addition. ¥edied a 66-year-old nutrient addition
experiment in a mesic grassland in South Africagsesiing of four different levels of N
addition (0, 7, 14, and 21 g Ngr™) with and without P addition (0, and 9 g Pym™).

Despite strong changes in the microbial commurotysérved through 16S rRNA gene and
ITS amplicon sequencing), the microbial biomass Cado did not change. N addition
decreased microbial N acquisition as indicated éguced leucine-aminopeptidase activity,
and increased microbial net N mineralization. Imtcast, predicted relative abundances of
functional genes involved in degradation of labi@ compounds (e.g. cellulose,
hemicellulose, and chitin) as well @isglucosidase and N-acetylglucosaminidase activities
increased with elevated N availability. In combioaf this pointed to a more intensive
investment of microorganisms into C acquisition mpbaddition. In contrast, N addition and
associated soil acidification decreased microbiaimass and respiration and altered the
community composition with prokaryotes being moffeaed than fungi. Nitrogen addition
increased the relative abundance of gram-positiwer gram-negative bacteria and favored
taxa with low genome-size. Taken together, ourifigd support the concept that C and N
cycling processes can be explained by the propértiie soil microbial community to keep
the element ratio of its biomass constant and yeiaiction to soil acidification. Our findings
suggest that predicted elevated N inputs mighelgrghape soil C and N cycling because the
soil microbial community adjusts metabolic processenich allows it to maintain its biomass

stoichiometry constant.
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1. Introduction

Grassland ecosystems worldwide have received isicrgaamounts of nitrogen (N) and
phosphorous (P) due to anthropogenic activitiesiduhe last decades (Vitousek et al., 1997;
Vitousek et al., 2010). Especially N inputs dueatmospheric deposition and fertilizer
application have strongly increased, while P inpares much lower (Penuelas et al., 2013).
High N inputs have changed the availability of N s$oil leading to an increase in
aboveground net primary productivity (ANPP) (LeBaard Treseder, 2008), and changes in
plant species composition in many grasslands (Wadah Tilman, 1996; Clark and Tilman,
2008). Changes in nutrient inputs affect the C:Niffos of soil and the availability of N and
P, and it is expected, that stoichiometric deviagitetween the substrate and the microbial
community might be one major factor controlling roigial processes of C and N cycling
(Spohn, 2016). The reason for this is that the matkobial community is homeostatic, i.e., it
maintains its C:N:P ratio within a small range (2iual., 2013; Cleveland and Liptzin, 2007).
According to the concept of consumer-driven nutriegcycling, soil carbon (C) and N
cycling is largely controlled by microbial elemet¢mand and supply (Sterner and Elser,
2002; Zechmeister-Boltenstern et al., 2015). Sadroorganisms are expected to maintain
their element stoichiometry in the way that theygequire and immobilize missing nutrients,
(b) adjust element turnover times by keeping scateeents in the biomass for a longer
period of time or (c) release elements presenkaess with respect to the microbial demand
(Mooshammer et al., 2014; Spohn, 2016). In thigstwe use the term “acquisition” when
referring to processes of C and N mobilization.tiker, we use the term “release” to describe
the production of C@and inorganic N (N + NO3) over time.

Many studies have shown that N addition directlg amdirectly leads to changes in the
microbial community composition (Bradley et al.,080 Ramirez et al., 2010; Fierer et al.,

2012; Ramirez et al., 2012) and affects proceskesavobial C and N cycling. Furthermore,
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N addition has often been shown to decrease sairoimial biomass and reduces C
mineralization rates (Treseder, 2008; Janssenis, @040; Liu and Greaver, 2010; Yan et al.,
2010; Ramirez et al., 2012), which might have défg reasons. First, high inorganic N
concentrations can inhibit oxidative enzymes, thedewering the decomposition of organic
matter (Carreiro et al., 2000; Sinsabaugh et 8052 Sinsabaugh, 2010). Second, elevated N
addition can reduce microbial N mining (Moorhead &insabaugh, 2006; Craine et al.,
2007; Ramirez et al., 2012) and lower microbialroes respiration (Manzoni et al., 2012;
Spohn, 2015).

Nitrogen addition was also reported to indirectffeet the soil microbial community and
functioning, in the way that changed plant speaesnposition and changed primary
productivity shift the microbial community througditered soil C inputs (Bardgett et al.,
1999; Liu and Greaver, 2010; Lange et al., 2015niRe et al., 2010; Lange et al., 2015).
Accordingly, Leff et al. (2015) demonstrated thatmbial community shifts were strongly
associated with changes in plant species composiiiooss 25 grassland ecosystems. Other
studies have shown that N addition leads to sadifaation, which reduces soil microbial
biomass, changes microbial community compositiatrelases bacterial and fungal growth
rates and thereby strongly reduces solil respirgflwaseder, 2008; Rousk et al., 2009). For
instance, Rousk et al. (2011) demonstrated degdlibecterial and increasing fungal growth
rates due to a strong decrease in soil pH afteryga@s of N addition. This finding is in line
with De Vries et al. (2006) who demonstrated thaddition decreased the fungi-to-bacteria
ratio through declining soil pH values.

While C mineralization tends to decrease with Ni@old net N mineralization (gross N
mineralization minus microbial N immobilization)ualy increases with elevated N addition
in forest (Andersson et al.,, 2001; Vestgarden gt 20003; Le Nave et al., 2009) and in
grassland soils (Ma et al., 2011; Zhang et al., 2201Whether mineralization or

immobilization prevails depends on the substrate &tio, as net N mineralization has been
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shown to increase with decreasing litter C:N rafidsinzoni et al., 2008; Heuck and Spohn,
2016).

In this study, we aimed to understand to what d@xtba property of the soil microbial
community to maintain its biomass element ratio stant (stoichiometric homeostasis)
explains soil C and N cycling processes. For thigppse, we studied a 66-year-old nutrient
addition experiment consisting of four differenvéés of N addition with and without P
addition in a mesic grassland in South Africa. Wpdthesized that long-term N addition
(and to a lesser extent P addition) decreases diienscrobial biomass, changes the
prokaryotic and fungal community, but does not tskiife microbial biomass C:N ratio
(Hypothesis 1). Further, we expected that N additlbanges microbial processes of C and N
acquisition and release in the way that due to Mit@esh microbes invest more into C
acquisition and release less C, and invest less Mtacquisition and release more N.
Specifically, this means that C mineralization sateere hypothesized to decrease, and labile
C-degrading enzymes (e.@-glucosidase and N-acetylglucosaminidase actiyitiesre
expected to increase upon N addition (Hypothesitn2dddition, N mineralization rates were
hypothesized to increase, while leucine-aminopapgdactivity was hypothesized to decrease
with N addition (Hypothesis 3).

2. Material and Methods

2.1. Study area

The long-term nutrient addition experiment is lechin a mesic grassland savanna near
Pietermaritzburg, KwaZulu-Natal, South Africa (Z24'E, 30° 25°S). The experimental site
(covering about 5000 fhis placed on top of a slightly south-east facitape (840 m a.s.l.).
Mean annual precipitation amounts to 790 mm, anstmobthe rainfall occurs during October
to April (Tsvuura and Kirkman, 2013). The mean aintemperature is 18°C and monthly
minimum and maximum temperature range between @.8rfd 26.4 °C (Fynn et al., 2003,
Ward et al., 2017). The vegetation is classified asuthern tall grassland (Ward et al., 2017)
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that is interspersed with C3-trees (eAracia sieberiana) (Fynn and O'connor, 2005).
However, no trees were present in the experimeatah. The savanna grassland is
characterized by high plant diversity with up todifferent grass species and 9 different forb
species per square meter (Zeglin et al., 2007ddPneant C4 grass species ditgemeda
triandra, Heteropogon contortus and Tristachya leucothrix. The ANPP is strongly controlled
by water availability and approximately reaches §06i° yr* (Fynn and O'connor, 2005).
Aboveground biomass is regularly removed at the @nthe vegetation period, while fires
have been prevented since the beginning of theriexeet. The soil is shallow (0.6 — 1 m)
and has a loamy clay texture (5% sand, 46% si% 4By), moderate acidic pH value (pH in
H,0: 5.5) and high stocks of total organic C (TO@ kg C ni) and total N (TN, 0.47 kg N
m) in the upper 15 cm. According to the world refere base (WRB) the soil is classified as
Acrisol, and has been evolved on shales of the aexlimentary sequence (Fynn et al.,
2003).

2.2. Experimental set-up

The nutrient addition experiment was establishetbil by the University of KwaZulu-Natal
and has been maintained since then. In total, @ ptach 9 m x 2.7 m) were sampled, which
are randomly arranged in a block design with aadis® of 1 m to each other. The experiment
includes four different levels of N addition withdiwithout P addition. In total, this amounts
to eight different treatments with respective N &dddition rates provided in Table 1. Each
treatment is replicated three times. Nitrogen hasnbsupplied annually in solid form as
limestone ammonium-nitrate (28% N) and P has begpleed annually in solid form as
super-phosphate (10.5% P). Soil samples were takéine end of the vegetation period in
February in 2017. Six soil cores were taken fromupper 15 cm at each plot and combined
into one mixed sample. In addition, a small soobfpe was prepared and undisturbed soil

cores (100 cm3) were taken from the upper 15 crdetermine soil bulk density. All soil
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samples were transferred in field-moist condititmshe University of Bayreuth within one
week after sampling.

2.3. Soil and microbial analyses:

Sample preparation: Field-moist soil samples were sieved (<2 mm) aats were removed.
For analysis of element concentrations, soil maltesias dried at 50 °C and subsequently
milled. Soil water content and water holding capaiVHC) were analyzed gravimetrically.
For determination of WHC, fresh samples were ovarated with water, placed on a sand
bath for 24 hours until field capacity (100% WHCasweached, and then dried at 105°C. Soil
samples were adjusted to a WHC of 60% and inculettd®°C for seven weeks in order to
determine C and net N mineralization.

Element concentrations in soil and soil-water extracts. Total organic C (TOC) and total N
(TN) concentrations were analyzed using an elerhamalyzer (Vario Max Elementar,
Hanau, Germany). Soil pH of air-dried soil was nueed in a ratio (v/v) of 1.0 to 2.5 in
distilled water (pH2o).

A dry-mass equivalent of 20 g soil was extracted8th ml distilled water and filtered
(0.45pum). Total dissolved nitrogen (DN; TOC-TN Aysdr, Jena Analytics) and dissolved
organic carbon (DOC; TOC-TN Analyser, Jena Anabjtien the water extracts were
determined.

Net N mineralization: Net N mineralization rates were determined in sedlter extracts
according to Heuck et al. (2018) assuming neglgibffects of NI adsorption to soil
particles or organic matter (Haney et al., 2006t N mineralization rates were calculated
based on the linear increase in the NzNplus N-NQ™ concentration in soil over time. For
this purpose, we prepared soil-water extracts gt0d&, 14, 21, 35, and 49 of the incubation.
Sub-samples of 20 g soil dry-mass equivalent weteaeted in 80 ml distilled water on an
overhead shaker for one hour. The water extractge Wiered (0.45um) by means of an

under-pressure device and subsequently measurétHidrvia flow injection analysis (FIA-
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Lab, MLE Dresden) and NQvia ion chromatography (Metrohm 881 Compact IC, pro
Metrohm Switzerland). The N mineralization rate wafculated as the increase in inorganic
N over time.

C mineralization: CO, was measured continuously (every 2 hours) frong Bdil dry-mass
equivalents incubated at 15°C over a period of &asdising a respirometer (Respicond V,
Nordgen Innovations) (Heuck and Spohn, 2016). Cenaiiization rates were calculated based
on the linear increase in GQ@ over time.

Microbial C and N: Microbial biomass C and N concentrations (MBC an&NJ were
determined using the chloroform fumigation-extractmethod (Brookes et al., 1982; Vance
et al., 1987). Fumigated samples (incubated faaylid the dark) and non-fumigated samples
were extracted in 0.5 M48Q, in a ratio of 1:5 (soil:extractant). After filtiah, the samples
were diluted in a ratio of 1:20, and dissolved @ &h were measured using a TOC/TN
Analyzer (multi N/C 2100, Analytik Jena, Jena, Geny). For calculating microbial biomass
C and N, the concentration of the non-fumigatedanwas subtracted from the one of the
fumigated sample and multiplied by a conversiondiaof 2.22 (Jenkinson, 2004).

Microbial community: The V4 region of the prokaryotic 16S rRNA gene #mal ITS2 region

of fungal rRNA operons were amplified and sequermea@ MiSeq (lllumina) sequencer (see
Supplementary Material for details). After remowdl the primer sequences, reads were
quality-filtered and clustered at maximum resoltissing the DADA2 workflow (Callahan
et al. 2016). Taxonomy was assigned to the resultant,ahdimeric sequences representing
operational taxonomic units (OTUs) using the bayestlassifier implemented in mothur
(Schloss et al. 2009) against the UNITE v7.2 daeldar ITS (Kdljalg et al. 2013), and the
SILVA v128 database for 16S sequences (Quast,&Cil2), before fungal functional classes
were assigned using FunGuild (Nguyetral. 2016) and prokaryotic functions were predicted

using PanFP (Jun et al., 2015). Gram staining chexiatics and genome sizes were assigned

to genera, based on the NCBI attributes collectedhitp://www-ab2.informatik.uni-
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tuebingen.de/megan/taxonomy/microbialattributesamgl literature searches (Huson et al.,

2007).

Enzyme activities: Soil enzymes ofi-1,4-glucosidase (BG)f3-1,4-N-acetylglucosaminidase
(NAG), and leucine-aminopeptidase (LAP) were deteeah using the fluorogenic substrates,
4-methylumbelliferylp-D-glucoside, 4-methylumbelliferyl-N-acetglD-glucosaminide and
L-leucine-7-amino-4-methylcoumarine according torr@an et al. (2011) and Herold et al.
(2014). One gram of moist soil was homogenizedOmb of sterile water by shaking for 20
min. The soil homogenates were pipetted into mieteg and 100 pl of 1 mM fluorescent
substrate solution was added. Samples were pratedin the dark at 15°C for 30 min, and
subsequently measured fluorometrically after 0,680,and 180 min using a microplate reader
(Infinite® 200 PRO, TECAN). Fluorescence was caeddor quenching of the soil as well
as for the fluorescence of substrate and soil (@eret al., 2011). Enzyme activity was
calculated from the slope of net fluorescence avarbation time in nmol §h* according to
German et al. (2011).

2.4. Statistics

Statistical analyses were carried out using SigotaP3 (SYSSTAT) and R version 3.3 (R
Development Core Team). Simple regressions werd tsedentify relationships between
response variables. All regressions were considggguficant at p < 0.05.

We implemented two-way ANOVAs with N addition assfifactor and P addition as second
factor to identify single and interacting effecetween N and P addition. However, two-way
ANOVA revealed hardly any interactions between M &addition, and showed N addition
to be the predominant factor controlling microlmhéracteristics and rates of C and N cycling
(Supplementary Material, Table 1). Therefore, weitgmhally used mixed linear models
(MLM) to calculate independent effects of N and &@dyition using the “nlme” package and
the “multcomp” package for post-hoc tests in R. #os purpose, treatments were grouped

according to their N and P addition rates. Addilomariance, resulting from non-target
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parameters, was eliminated by selecting either NPoas random factor. Further, MLM
regressions were used to analyze to what extenaBiNpH explain variance in microbial
biomass, whereby variance of one parameter wasnaied by selecting the other (DN or
pH) as random factor (the random factors were starsily classified with n=8 as follows:
pH classes <4.5, 4.6-5.0, >5.1; DN classes 0-284@@nd >40 mg DN kgoil'*). Before
applying two-way ANOVA and MLM, data were checkent fiormality and homogeneity of
variance and transformed if necessary.

We applied structural equation modeling (SEM) udimg “lavaan” package for R. SEM is a
robust multivariate statistical approach allowirgy hypotheses testing of complex path-
relation networks (Grace et al., 2010; Eisenhaueal.e 2015). It was used to test causal
relationships between N addition and microbial kass) C mineralization, C and N
availabilities (measured as DN and DOC concentajiosubstrate stoichiometry (measured
as DOC:DN ratio), and soil acidification (measuesdsoil pH). The model fit was evaluated
using Root Mean Square Error of Approximation (RM$Echi squarey?), and the p value
of 2. Note that a high p value gf (> 0.05) indicates a good model fit as it sigrafhtly
differs from the baseline model.

Metabarcoding based data were analyzed in R. Begasity was visualized using NMDS of
Jensen-Shannon divergences (JSD) of community Igsofit OTU level (using vegan,
phyloseq and ade4 packages). N and P addition agsessed as drivers of beta-diversity by
permutational multivariate analysis of variancel8Ds (using adonis2 of the vegan package).
The same analysis was conducted at taxonomic sunkts as genus, family, order and class
level, and using weighted UniFrac distances fokargotic data (using vegan and phyloseq
packages). In addition, the soil measurements thighstrongest additional and independent
explanatory values were determined using forwartbctien, also using permutational
multivariate analyses. Simpson’s diversity index &ielou’s evenness were calculated after

rarefaction to equal read numbers (using vegaifig@ciife genome size was determined as the
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means of genome sizes of the observed genera wdidiyt the relative abundance of the
genera in each sample. Microbial taxa that werectédfl by N and/or P addition were
identified using DESeq2, with a model employing 8diéion levels, P addition and their
interaction as fixed effects. For the predictectreé gene abundances based on microbial
community abundances, multivariate association Wwitbar models (using MaAsLin) was
performed for N and P addition. Gene abundancesg wensidered significantly associated

with either factor, if FDR-values < 0.01 were ohssl

3. Reaults

3.1. Changesin element concentrations

The TN concentration amounted to 3.0 g N kgsaifd the TOC concentration to 47 g C kg
soil* in the control. Thus, 0.47 kg Nfrand 7.3 kg C M were stored in the upper 15 cm of
the soil. Even though high amounts of N have bekted throughout the last 66 years, the
TOC and TN concentrations did not differ signifidgnbetween the control and nutrient

addition treatments (Table 1). However, N additstrongly raised the concentration of DN.

Dissolved N concentrations were 6.3 mg N kg Siwilthe control and were 5.6, 6.7, and 20.6
times higher in the low, medium, and high N additievel without P addition, respectively. P

addition significantly reduced DN concentrationstie low, medium and high N level as

compared to corresponding single N levels. In theé fdeatments, DN concentrations
gradually increased with increasing N addition r@f@ble 1). The increase in DOC

concentration in response to N addition, howeveas wess strong, and only significant
differences occurred in the N treatments withoaidBition. Here, the DOC concentrations in
the low N level without P addition significantlyftired from that of the highest N level

without P addition. Single P addition and combiréd additions had no effect on DOC

concentrations (Table 1). The soil pH decreaseth witreasing N addition rate, and was
more than one unit lower in the highest N levehwiit P addition (pH:4.1) than in the control

(pH: 5.4). P addition did not significantly affebe soil pH (Table 1).
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3.2. Soil microbial biomass and stoichiometry

MBC concentrations ranged between 380 and 960 rig €vil* across all treatments, and
the highest values were found in the control. MB&rdased significantly with intensified N
addition (Fig. 1a). It was 0.79, 0.65, and 0.48esnower in the low, medium, and high N
addition treatment than in the sites without N &ddi respectively. Phosphorus addition did
not significantly change MBC (Supplement Materiggble S1). MBC showed a negative
linear correlation with DN (R? = 0.67, p < 0.00&)positive asymptotic relationship with the
DOC:DN ratio (R? = 0.85, p < 0.001), a positiveelam relationship with the TOC:TN ratio,
and positive linear correlation with soil pH (R068, p < 0.00) (Fig. S1 a-d). Mixed linear
models revealed that DN and pH independently doutieid to explain variance of MBC (DN:
R2=0.63, p <0.001; pH: R2=0.36, p < 0.001)e Thicrobial biomass was homeostatic with
respect to its C:N ratio (mean microbial biomasN:(..8; Fig. 1b), despite strong changes in
the dissolved organic matter (DOM) C:N ratios witicreasing N addition (Table 1), and
strong changes in the microbial community composi{see chapter 3.3.).

3.3. Microbial community changes

Long-term N and P addition induced changes in mhialccommunity composition (Fig. 2a).
We observed significant effects of N and P addition both the prokaryotic and fungal
community (Supplementary Material, Table S2). Hogre\N addition affected community
compositions more strongly than P addition, esplgdaiathe prokaryotic community. Next to
N addition, pH was found to best explain the shiftgrokaryotic community composition
(Fig. 2b). Both N and P addition contributed to tieserved shift in the fungal community,
with additional explanatory power of DIP and DOC:b#Mio (Fig. 2b). The effect of pH on
the fungal community was only significant if N aRdaddition were not considered in the
model (explaining 20% of the observed variance pBmentary Material, Table S3).
Differences in community composition through singled combined N and P addition were

observable at all studied taxonomic ranks (OTUsgege, families, orders, classes and phyla

12
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(for prokaryotes) and divisions (for fungi) (Supplentary Material, Table SAVe found that
within the prokaryotic community especially gramsjiive bacteria increased with N addition
(mostly Actinobacteria) as well as some gram-negabacteria, which are known to be
associated with low pH (e.g. Acidobacteria subgrb8pSupplementary Material, Table S4).
Within the fungal community, a relatively decreaseBasidiomycota with N addition was
observable, which is noteworthy as this group idekithe majority of all ectomycorrhizal
species (Supplementary Material, Table S4). Howewer did not observe any significant
changes in predicted fungal functional classes Widddition.

Predicted changesin Gram™:Gram’ ratio and effective genome size

For prokaryotic communities, a clear asymptotic@ase in gram-positive relative to gram-
negative bacteria was observed with intensifiedditeon, and an exponential decrease with
DOC:DN ratio (Supplementary Material, Fig. S2a-bhe relative increase in gram-positive
bacteria was accompanied by an increase in abueadsdrzacteria with smaller genome sizes
at higher N addition levels. Effective genome sizaes 0.95, 0.88, and 0.78 times lower than
that of the sites without N addition in the low, dnen and high N addition levels,
respectively (Supplementary Material, Fig. S2c).rétwer, the effective genome size was
strongly related to the DOC:DN ratio with a remdnlkadecrease once the substrate C:N ratio
was below the microbial biomass C:N ratio (Suppletaey Material, Fig. S2d).

Predicted abundance of labile C degrading enzymes

The abundance of genes encoding hydrolytic enzyargeting cellulose, hemicellulose, and
chitin was predicted to increase with higher N #ddirate (Fig. 3). Moreover, the predicted
relative abundances of genes encoding hemicelluted@lose, and chitin degrading enzymes
showed positive linear correlations with the DN cemtration (Fig. 4a-c). Further, they
decreased exponentially with the DOC:DN ratio (Fd-f), and linearly with the TOC:TN
ratio (Fig. 4g-i) and with increasing soil pH (F#-1). In contrast, the predicted relative gene

abundance of oxidative enzymes targeting more cexngdmpounds (e.g. the phenol-oxidase
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gene abundances that catalyze lignin degradatieajedsed with N addition (Fig. 3). The
predicted relative abundance of the lignin-degraghenol-oxidase decreased linearly with
DN concentration, increased asymptotically with B@®C:DN ratio, and increased linearly
with soil pH (Supplementary Material, Fig. S3).

3.4. Hydrolytic enzyme activities

Results of predicted relative abundances of genesding hydrolytic enzymes concurred
with measurements of hydrolytic enzyme activitiesucine-aminopeptidase activity per unit
soil decreased with increasing N addition ratewdss significantly lower in the soil of the
medium (0.4 times) and high N addition treatmen2&0times) than in the soil without N
addition (Fig. 5a). In contrast, P addition causeckffect on leucine-aminopeptidase activity
(Supplementary Material, Table S1). Leucine-amimpdipl@se activity per unit soil decreased
exponentially with DN concentrations, increasedngsiytically with DOC:DN ratio, and
increased linearly with the TOC:TN ratio as well a&sponentially with soil pH
(Supplementary Material, Fig. S4a-d). Further, weanid that the leucine-aminopeptidase
activity per unit MBC strongly decreased once thd @tio of the DOM approached the C:N
ratio of the microbial biomass (Fig. 5b).

The B-glucosidase activity per unit soil did not sigoéntly differ between N addition levels
(Fig. 5¢) and P addition levels (Supplementary MakeTable S1). Howevef-glucosidase
activity per unit MBC decreased exponentially ottee DOC:DN ratio approximated that of
the microbial biomass (Fig. 5d). Very similar patte were observed for the N-
acetylglucosaminidase activity. N-acetylglucosaanmse activity per unit soil did not
significantly differ between N addition levels (Fige) and P addition levels (Supplementary
Material, Table S1), while N-acetylglucosaminidassivity per unit MBC exponentially
decreased with the DOC:DN ratio (Fig. 5f). B@tglucosidase and N-acetylglucosaminidase

activities per unit soil tended to increase with Bdhcentration, decreased with the DOC:DN
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ratio, and increased with the TOC:TN ratio as aslivith soil pH, although most correlations
were only marginally significant (p = 0.07) (Supplentary Material, Fig. S4e-l).

3.5. C mineralization rate

C mineralization ranged between 5.4 and 11.5 mgy@dil* day* across all treatments. It
was not affected by P addition (Supplementary MateFable 1), but gradually declined with
increasing N addition rate (Fig 6a). C mineraliaativas significantly lower in the medium
(0.70 times) and the highest N level (0.52 timeshpared to the sites without N addition. It
decreased exponentially with DN concentrations €fR20.33, p = 0.005), increased
asymptotically with DOC:DN ratios (R? = 0.44, p <001), and linearly with theTOC:TN
ratio (R2 = 0.37, p = 0.002) as well as with sdil (R2 = 0.50, p < 0.001), and MBC (Rz =
0.47, p < 0.001) (Supplementary Material, Fig. 8ha-urther, we found that below a critical
C:N ratio of 10.4, C mineralization almost ceasddwever, when C mineralization rates
were based on unit MBC, no significant linear clatiens between C mineralization and DN
(R2= 0.02; p = 0.64), TOC:TN ratio (R2= 0.01; p 8D), soil pH (R?= 0.02; p = 0.50) or
DOC:DN ratio (R2 = 0.02; p = 0.49; Fig. 6b) wereselved.

Structural equation modeling showed that N additmectly constrained C mineralization,
and indirectly affected soil pH with negative feadks on C mineralization rates. Further, N
addition significantly affected DN and DOC concatittns as well as the DOC:DN ratio,
which together impaired the microbial biomass péototal, the combined factors explained
59% of the variance of C mineralization and 91%hef variance of MBC. Surprisingly, the
model did not indicate a direct effect of MBC omftiheralization (Fig. 7).

3.6. Net N mineralization rate

Net N mineralization was about 10 times lower tl&amineralization and ranged between
0.04 and 0.65 mg N kg sditlay* across all treatments. It gradually increased Witddition
rate, and was 4.0, 4.7, and 6.7 times higher inlolne medium and high N treatment,

respectively, compared to the sites without N aoidi{Fig. 6¢). Net N mineralization rates
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increased asymptotically with DN concentrations (R20.33, p = 0.005), decreased
exponentially with higher DOC:DN ratio (R? = 0.4%< 0.001), and showed a negative linear
relationship with the TOC:TN ratio (R? = 0.27, ©609) as well as with soil pH (R? = 0.44,
p < 0.001) (Supplementary Material, Fig. S6e-h). \Wentified the critical threshold soil
TOC:TN ratio for net N mineralization to be 19.5hieh is the intercept with the x axis
(Heuck et al., 2016). Above this ratio, net N malemation was almost zero, indicating that N
immobilization leveled out gross N mineralizatidet N mineralization per MBC showed a
negative exponential relationship with the DOC:Cffia, indicating that N mineralization is
strongly increased if the C:N ratio of the DOM wagse to the microbial biomass C:N ratio
(Fig. 6d).

4. Discussion

4.1. Microbial homeostasisasadriver of C and N cycling

While microbial biomass strongly decreased withddion, the C:N ratio of soil microbial
biomass did not differ significantly between theatiments despite high annual N and P inputs
for several decades. Previous studies did notdonsistent results with respect to effects of
nutrient addition or changing element availabisitien microbial biomass stoichiometry.
While some studies indicated a change in the Ctid of the microbial biomass (Hu et al.,
2010; Li et al., 2012; Khan and Joergensen, 20&8)er studies demonstrated that the
microbial community maintains its C:N ratio indedent of nutrient availabilities
(Joergensen and Scheu 1999; Heuck et al. 2015aTapires et al. 2015). The latter is in line
with our observation and supports the concept afrabial homeostasis (Cleveland and
Liptzin, 2007; Xu et al., 2013; Spohn, 2016), asdespecially noteworthy, given that the
microbial community structure and function shifeige to N addition (see chapter 4.4.). The
reason why the microbial community was able to na&mits biomass stoichiometry despite
strong changes in element availabilities in itsiemment is very likely that it adjusted the
rates of processes of C and N cycling accordintgststoichiometric demands.
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4.2. Stoichiometric controls of C and N acquisition

Nitrogen addition caused a marked decline in leet@minopeptidase activity per unit soil,
indicating that microbes reduce their investmetd iN acquisition from organic pools once
microbial N demands are saturated (Saiya-Cork.e2802; Nemergut et al., 2008; Ramirez
et al., 2012). This agrees with other studies tapprdecreased gross N mineralization in
forest and grasslands due to N fertilizer applaa(Corre et al., 2003; Hoeft et al., 2014).
Contrarily, B-glucosidase and N-acetylglucosaminidase activifes unit soil as well as
predicted relative gene abundances of labile Catkigg enzymes tended to increase with N
addition rate. This indicates that microbes invegire energy into C acquisition when
provided with high loads of inorganic N, as showavously (Carreiro et al., 2000; Allison
and Vitousek, 2005; Zeglin et al, 2007). Increasg¢dglucosidase and N-
acetylglucosaminidase activities likely render oiigeC available, which balances the high N
availability. Our interpretation that C and N cydi in soil is driven by stoichiometric
homeostasis of the soil microbial biomass was esiecsupported by the relationship
between the DOC:DN ratio anfl-glucosidase as well as N-acetylglucosaminidaseites.
The strong decrease in leucine-aminopeptidaseitycéind the increase igrglucosidase and
N-acetylglucosaminidase activities at DOC:DN ratios8 indicate that microbes stop
investing into N acquisition while promoting C acgjtion if the C:N ratio of the DOM is
smaller than the C:N ratio of the microbial biomaBse reason for this is that DOM forms
the dominant substrate on which soil microorganisimse (Marschner and Kalbitz, 2003)
and its C:N ratio determines whether N is scarcesudficient with respect to microbial
demands.

4.3. Controlson net N and C release

Net N mineralization gradually increased with N @dd, which is in line with previous
studies on grassland and forest soils (Le Navd.ef@09; Ma et al., 2011; Zhang et al.,

2012). Especially once the substrate C:N ratio eagad to that of the microbial biomass, net
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N mineralization increased substantially. This vea®n more apparent when the net N
mineralization rate was based on MBC. The most qilde explanation for this is that
microbes released large amounts of N, when tharswesN exceeds the microbial N demand
(Manzoni et al., 2008; Heuck and Spohn, 2016), evhiley strongly immobilize N when
thriving on N poor substrate. The threshold elenratib for net N mineralization observed
here indicates that above a soil C:N ratio of 19 above a DOC:DN ratio of 23, N
immobilization balanced gross N mineralization legdo a strong reduction of net N release.
This is in accordance with previously reported shdd C:N ratios for net N mineralization
in litter (Kaiser et al., 2014; Heuck and Spohnl &0

In contrast to increasing N mineralization ratesmieralization decreased with higher N
availability, as similarly shown for other grasslaand forest soils (Soderstrom et al., 1983;
Berg and Matzner, 1997; Magill and Aber, 1998; Higa et al., 2003; Sjoberg et al., 2003;
Craine et al., 2007; Ramirez et al., 2012; Spohal.et2016). However, we found no clear
relationship between C mineralization per unit MB&d TOC, TN, DN, DOC or DIN
concentrations or their ratios. This indicates tleduced overflow respiration or decreased N
mining (Craine et al., 2007; Manzoni et al., 201R)this mesic grassland potentially
contributed less to the decreased C mineralizatrater elevated N. Therefore, we could not
explicitly confirm our second hypothesis postulgtihat C mineralization decreases due to
stoichiometric constraints.

SEM showed that C mineralization was reduced mainly to N addition and reduced soil
pH. The most plausible explanation for this is tinateased N availability and decreased pH
caused by high N addition rates reduced the miatdbomass pool. Further, it is likely that
N addition and associated soil acidification intedithe production and activity of oxidative
enzymes that are involved in the depolymerizatiboomplex organic substances (e.g. lignin)

(Frey et al., 2004; Gallo et al., 2004; Sinsabaaglal., 2005). In agreement with this, we
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463" found that the predicted gene abundance of pheridase was reduced through N addition
464  and associated soil acidification.

465  4.4. N addition changes microbial community composition

466  Long-term N addition decreased the microbial biosresd changed the microbial community
467  composition. One explanation for this could be tHatddition imbalanced the availability of
468  C relative to N (Chen et al., 2018). Increasingddition caused a shift towards bacteria with
469 a lower genome size, which mostly belong to thengpasitive bacteria (e.g. Mycobacterium
470  sp.) or in some cases to gram-negative bactegaAeidobacterium sp.) that are well adapted
471  to low soil pH (Eichorst et al., 2011). The baaégroups with lower genome size can be
472  expected to be more efficient in C acquisition apthke because they can cope more easily
473  with imbalances between C and N. First, a reductibthe genome size goes along with
474  reduced amounts of C tied up in DNA and mRNA pdl ottrell and Kirchman, 2016).
475  Second, many of these bacterial groups are spasidtr degradation of specific substrates
476  with small but well adapted enzyme sets (Martinéfiét et al., 2013). Since fungi are in
477 general equipped with a larger set of enzymes tlacteria, targeting multiple
478  polysaccharides (Berlemont, 2017), it is likely tthhey can compensate more easily for
479  stoichiometric imbalances in their environment. sThmight explain why the fungal
480 community changed less strongly than the prokacyotimmunity in response to nutrient
481  inputs to soil.

482  Another explanation could be that N addition deseegasoil pH, which constrained the
483  functioning of the microbial community and theredfected the pool sizes and community
484  composition of soil microorganisms. This is in agrent with Rousk et al, (2010) who
485  pointed out that bacteria have a very narrow pHnmyoh for growth tolerance, likely as a
486  consequence of high aluminum concentration belovop8l (Pietri and Brookes 2008; Rousk
487 et al. 2009) and lower C solubility with decreassal pH (Andersson et al. 2000). The low

488  soil pH in the soils that have received high amswitN was likely induced by nitrification
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processes that release protons by oxidizing ammomaunitrate. For bacteria, we observed
that N addition increased the relative abundancgrofips that are known to be associated
with low pH (e.g. Acidobacteria subgroup 13, Firotes) and reduced the relative
abundances of groups associated with neutral drehigH (e.g. Acidobacteria subgroups 5
and 17, Nitrospira, Anaerolineae, Chloroflexia) iBam et al., 2014). However, the fungal
community was less strongly affected by N inputantithe prokaryotic community, likely
because their physiological traits make them messstant to a reduced soil pH. This is
consistent with previous studies indicating thatgiurespond less sensitively towards soil
acidification than bacteria (Vries et al., 2006280 et al., 2008; Rousk et al., 2009; Rousk et
al., 2010). Reasons for this could be that sappbim fungi have thick cell walls with
crosslinked polymers (Madigan et al., 2017), angstare less vulnerable to changes in soill
pH as compared to bacteria (Madigan et al., 20#6yeover, filamentous fungi can extend
their hyphal networks over long distances (Posdda.£2012) and can transport nutrients,

which means that they can mitigate stoichiometribalances.
5. Conclusions

Despite high N addition to soil over many decadles, microbial biomass C:N ratio did not

change in this grassland. This is especially notdwogiven that the microbial biomass

decreased, and the community of fungi and, in @algr, of prokaryotes was strongly altered.
Thus, the microbial community was able to mainttsrstoichiometry by adjusting processes
of C and N cycling. A higher N availability likelgnhanced microbial investments into C
acquisition as indicated by an increase Bflucosidase and N-acetylglucosaminidase
activities, and a predicted increase in labile Grdding prokaryotic taxa. In contrast, leucine-
aminopeptidase activity decreased due to N addlitisuggesting that the microbial

community invested less into N acquisition undeghhN inputs. Yet, the decrease in C
mineralization in response to N addition can babatted to a decrease in pH rather than to
stoichiometric constraints. While N strongly afiettprocesses of the C and N cycle, P
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addition did not change soil C and N cycling. Imcloision, our results suggest that changes
in the rates of C and N cycling processes can haflge explained (1) by the property of the
soil microbial community to adjust processes ofredat cycling to element availabilities and
maintain its biomass stoichiometry and (2) by @aation to soil acidification when exposed

to high addition of N over long periods.
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Figure Captions

Figure 1. Microbial biomass carbon (MBQg) and molar microbial biomass C:N ratio as a funrctio
of N addition rate. Red dots show means + SD (nwBgreby treatments receiving N and treatments
with combined N and P addition were grouped togetkéxed linear models were applied to indicate
effects of N addition. The variance derived fromaddition was eliminated selecting it as random
factor. Significant differences are indicated byéw case letters (p < 0.05). Correlations were
considered significant at p < 0.05 (n=24).

Figure 2: Fungal and prokaryotic community composition defregan N and P additiofa) and
explained variance of microbial community compasi§ by measured soil parametés Microbial
OTU community composition was analyzed using IT8 46S amplicon sequencing. For pa(s!
Data are represented via non-metric multi-dimerai@galing of Jensen-Shannon divergence (JSD)
between taxonomic profiles. For par{p): Soil parameters were tested by forward seleatising
permutational multivariate analysis of variancedobsn JSD of microbial communities at OTU level.
Figure 3: Predicted relative gene abundances of selectedgfading exoenzymes depending on N
and P addition. (Hemi)cellulose degrading enzymekide beta-glucosidase, endo-1,4-beta-xylanase,
endoglucanase, 1,4-beta-D-glucan cellobiohydrol@béjn-degrading enzymes include endo-beta-N-
acetylglucosaminidase, chitinase; Lignin-degradingnzyme include phenol-monooxidase.
Annotations are taken from the Kyoto EncyclopediaGenes and Genomes (KEGG): K01179=
endoglucanase; K01225= cellulose 1,4-beta-celladase; KO05349= beta-glucosidase (bglX);
K05350= beta-glucosidase (bglB); KO01181= endo-Etixylanase; K01227= mannosyl-
glycoprotein endo-beta-N-acetylglucosaminidase; ¥3E chitinase; KO0505tyrosinas.

Figure 4. Correlations between predicted relative gene aéees of hemicellulose, cellulose, chitin
degrading with dissolved N (DN@-c), DOC:DN ratio(d-€), TOC:TN ratio(f-h), and soil pH(i-k).
Predicted hemicellulose degrading enzymes: beteegldase, endo-1,4-beta-xylanase; predicted
cellulose degrading enzymes: endoglucanase, ladtefucan cellobiohydrolase; predicted chitin-
degrading enzymes: endo-beta-N-acetylglucosamiejddstinase. For DN one value was deemed as

outlier, and was not included.
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Figure 5: Activity of leucine-aminopeptidas@;glucosidase and N-acetylglucosaminidase depending
on N addition ratda, c, €) and the enzyme activity per unit microbial biomaasbon (MBC) as a
function of the DOC:DN ratigb, d, f). Red dots show means + SD (n = 6); N and NP treatsnvere
grouped together. Mixed linear models were appliethdicate effects of N addition. The variance
derived from P addition was eliminated selectingsitandom factor. Significant differences (p 59.0
are indicated by lower-case letters. For all panetselations were considered significant at p G50.
(n=24).

Figure 6: Net C and N mineralization rates depending on Niteh rate(a, c), and net C and N
mineralization per unit microbial biomass carbonB@) (gGmin and gNnin) as a function of the
DOC:DN ratio(b,d). For pane(a) and(b): Red dots show means + SD (n = 6); N and NP treats
were grouped together. Mixed linear models wereliegppo indicate effects of N addition. The
variance derived from P addition was eliminate@astghg it as random factor. Significant differences
(p < 0.05) are indicated with small letters. Fdrpanels correlations were deemed significant &t p
0.05 (n=24).

Figure 7: Pathway-model predicting effects of N additionroitrobial biomass carbon (MBC) and C
mineralization. The initial model included all patys that are represented here (arrows). Signtfican
paths are illustrated by bold arrows with standadi path coefficients, whereby positive path
coefficients illustrate a positive relationship ance versa. Numbers in red boxes state the explained
variance of each factor. The model was evaluatedyushi squareyf), Comparative Fit Index (CFl),
Tucker Lewis Index (TLI), and Root Mean Square egbApproximation (RMSEA). Note that CFl
and TLI were close to one, RMSEA was < 0.05, amdtigh p value of? all together indicated a

good model fit.
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Tablel: Element concentrations in soil and soil water extracts depending on N and P addition

Variable Two-way ANOVA Effect of N addition (amg groups) Effects of N and P addition (within gps)
N P NxP NO N7 N14 N21 NOPO N7PO N14P0 NZJPO NOPQ N7P9 N14P9 N21P9
(significance level) (significance level) (without P) (with P)
T0C A A A A 47° 43 45 48 49 4F 43 48
n.s.. . ns.ns +3 +4 +2 +3 +2 +2 +1 +1
™ s s s A A A A 3.0° 3.7 3.3 3.5 3.4 3.7 3.7 3.5
= a s £01 04 £0.2 £0.1 £0.2 £0.3 £0.1 04
DOC R s s AB A AB B 129 119 137 163 137 13F 134 150
o o +8 +2 +9 +47 +5 +6 +16 +18
BN e o A B B C 6.3 353 427 1304 10.4~ 182  27.7* 585*
+#10 +100 +54 +69.38 +1.9 +5.3 +54 +88
) A B B C 228 4.2 3.9 1.7 15.6 8.9 5.7°% 3.0°
. *k%k *% *%
DOC:DN ratio +51 +13 +0.7  +09 £20 27 +04 086
BIP . e A AB B B 0.7 0.7 0.F 0.F 4.7+ 2.3% 0.6% 0.8+
£0.07 £003 +001 0.02 £123 +£1.01 028 +0.48
H in HO W ns s A AB B C 5.4 4.9" 4.7 4.1 5.F 5.7 4.8" 4.3
p = = +03 0.2 +0.4 +0.3 +0.2 +0.1 +0.1 02R

Shown are means with standard deviations. Sepanateombined effects of N and P addition were telsietwo-way ANOVA followed by Tuckey post hoc te$tvo-way ANOVA indicates
effects of N addition, effects of P addition, anteractions of NxP addition (*, p < 0.05; **, p <0Q, ***, p < 0.001). Capital case letters shownsfigant differences among N levels (p < 0.05),
and asterisks indicate significant differences agnrevels (p < 0.05). Lower-case letters indisigaificant difference between N addition rateshwitP groups (with and without P addition).
Abbreviations are N addition rate (in g N*mr™), P addition rate (in g P fryr?), total organic C (TOC in g C Ky, total N (TN in g N k&), dissolved organic C (DOC in mg CKg dissolved
total N (DN in mg N k&), and dissolved inorganic P (DIP in mg P*kg
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(0]

N (and P) additions affected the microbial community but not their C:N stoichiometry
Long-term N addition changed processesinvolved in C and N cycling

Abundance of genesinvolved in the C cycle increased with elevated N availability
Microbes invested lessinto peptidases and increased net N mineralization

N addition and associated soil acidification reduced C mineralization rates



