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Abstract 23 

Terrestrial ecosystems have experienced rising nitrogen (N) inputs during the last decades 24 

with consequences for belowground carbon (C) and N dynamics. This study investigates how 25 

long-term N and phosphorus (P) additions affect microbial community composition, and to 26 

what extent microbial homeostasis explains changes in different processes involved in soil C 27 

and N cycling in response to nutrient addition. We studied a 66-year-old nutrient addition 28 

experiment in a mesic grassland in South Africa, consisting of four different levels of N 29 

addition (0, 7, 14, and 21 g N m-2 yr-1) with and without P addition (0, and 9 g P m-2 yr-1).  30 

Despite strong changes in the microbial community (observed through 16S rRNA gene and 31 

ITS amplicon sequencing), the microbial biomass C:N ratio did not change. N addition 32 

decreased microbial N acquisition as indicated by reduced leucine-aminopeptidase activity, 33 

and increased microbial net N mineralization. In contrast, predicted relative abundances of 34 

functional genes involved in degradation of labile C compounds (e.g. cellulose, 35 

hemicellulose, and chitin) as well as β-glucosidase and N-acetylglucosaminidase activities 36 

increased with elevated N availability. In combination, this pointed to a more intensive 37 

investment of microorganisms into C acquisition upon N addition. In contrast, N addition and 38 

associated soil acidification decreased microbial biomass and respiration and altered the 39 

community composition with prokaryotes being more affected than fungi. Nitrogen addition 40 

increased the relative abundance of gram-positive over gram-negative bacteria and favored 41 

taxa with low genome-size. Taken together, our findings support the concept that C and N 42 

cycling processes can be explained by the property of the soil microbial community to keep 43 

the element ratio of its biomass constant and by its reaction to soil acidification. Our findings 44 

suggest that predicted elevated N inputs might largely shape soil C and N cycling because the 45 

soil microbial community adjusts metabolic processes, which allows it to maintain its biomass 46 

stoichiometry constant. 47 

 48 

 49 
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 50 

1. Introduction 51 

Grassland ecosystems worldwide have received increasing amounts of nitrogen (N) and 52 

phosphorous (P) due to anthropogenic activities during the last decades (Vitousek et al., 1997; 53 

Vitousek et al., 2010). Especially N inputs due to atmospheric deposition and fertilizer 54 

application have strongly increased, while P inputs are much lower (Penuelas et al., 2013). 55 

High N inputs have changed the availability of N in soil leading to an increase in 56 

aboveground net primary productivity (ANPP) (LeBauer and Treseder, 2008), and changes in 57 

plant species composition in many grasslands (Wedin and Tilman, 1996; Clark and Tilman, 58 

2008). Changes in nutrient inputs affect the C:N:P ratios of soil and the availability of N and 59 

P, and it is expected, that stoichiometric deviations between the substrate and the microbial 60 

community might be one major factor controlling microbial processes of C and N cycling 61 

(Spohn, 2016). The reason for this is that the soil microbial community is homeostatic, i.e., it 62 

maintains its C:N:P ratio within a small range (Xu et al., 2013; Cleveland and Liptzin, 2007). 63 

According to the concept of consumer-driven nutrient recycling, soil carbon (C) and N 64 

cycling is largely controlled by microbial element demand and supply (Sterner and Elser, 65 

2002; Zechmeister-Boltenstern et al., 2015). Soil microorganisms are expected to maintain 66 

their element stoichiometry in the way that they (a) acquire and immobilize missing nutrients, 67 

(b) adjust element turnover times by keeping scarce elements in the biomass for a longer 68 

period of time or (c) release elements present in excess with respect to the microbial demand 69 

(Mooshammer et al., 2014; Spohn, 2016). In this study, we use the term “acquisition” when 70 

referring to processes of C and N mobilization. Further, we use the term “release” to describe 71 

the production of CO2 and inorganic N (NH4
+ + NO3

-) over time. 72 

Many studies have shown that N addition directly and indirectly leads to changes in the 73 

microbial community composition (Bradley et al., 2006; Ramirez et al., 2010; Fierer et al., 74 

2012; Ramirez et al., 2012) and affects processes of microbial C and N cycling. Furthermore, 75 
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N addition has often been shown to decrease soil microbial biomass and reduces C 76 

mineralization rates (Treseder, 2008; Janssens et al., 2010; Liu and Greaver, 2010; Yan et al., 77 

2010; Ramirez et al., 2012), which might have different reasons. First, high inorganic N 78 

concentrations can inhibit oxidative enzymes, thereby lowering the decomposition of organic 79 

matter (Carreiro et al., 2000; Sinsabaugh et al., 2005; Sinsabaugh, 2010). Second, elevated N 80 

addition can reduce microbial N mining (Moorhead and Sinsabaugh, 2006; Craine et al., 81 

2007; Ramirez et al., 2012) and lower microbial overflow respiration (Manzoni et al., 2012; 82 

Spohn, 2015).  83 

Nitrogen addition was also reported to indirectly affect the soil microbial community and 84 

functioning, in the way that changed plant species composition and changed primary 85 

productivity shift the microbial community through altered soil C inputs (Bardgett et al., 86 

1999; Liu and Greaver, 2010; Lange et al., 2015; Ramirez et al., 2010; Lange et al., 2015). 87 

Accordingly, Leff et al. (2015) demonstrated that microbial community shifts were strongly 88 

associated with changes in plant species composition across 25 grassland ecosystems. Other 89 

studies have shown that N addition leads to soil acidification, which reduces soil microbial 90 

biomass, changes microbial community composition, decreases bacterial and fungal growth 91 

rates and thereby strongly reduces soil respiration (Treseder, 2008; Rousk et al., 2009). For 92 

instance, Rousk et al. (2011) demonstrated declining bacterial and increasing fungal growth 93 

rates due to a strong decrease in soil pH after 150 years of N addition. This finding is in line 94 

with De Vries et al. (2006) who demonstrated that N addition decreased the fungi-to-bacteria 95 

ratio through declining soil pH values.  96 

While C mineralization tends to decrease with N addition, net N mineralization (gross N 97 

mineralization minus microbial N immobilization) usually increases with elevated N addition 98 

in forest (Andersson et al., 2001; Vestgarden et al., 2003; Le Nave et al., 2009) and in 99 

grassland soils (Ma et al., 2011; Zhang et al., 2012). Whether mineralization or 100 

immobilization prevails depends on the substrate C:N ratio, as net N mineralization has been 101 
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shown to increase with decreasing litter C:N ratios (Manzoni et al., 2008; Heuck and Spohn, 102 

2016).  103 

In this study, we aimed to understand to what extent the property of the soil microbial 104 

community to maintain its biomass element ratio constant (stoichiometric homeostasis) 105 

explains soil C and N cycling processes. For this purpose, we studied a 66-year-old nutrient 106 

addition experiment consisting of four different levels of N addition with and without P 107 

addition in a mesic grassland in South Africa. We hypothesized that long-term N addition 108 

(and to a lesser extent P addition) decreases the soil microbial biomass, changes the 109 

prokaryotic and fungal community, but does not shift the microbial biomass C:N ratio 110 

(Hypothesis 1). Further, we expected that N addition changes microbial processes of C and N 111 

acquisition and release in the way that due to N addition microbes invest more into C 112 

acquisition and release less C, and invest less into N acquisition and release more N. 113 

Specifically, this means that C mineralization rates were hypothesized to decrease, and labile 114 

C-degrading enzymes (e.g. β-glucosidase and N-acetylglucosaminidase activities) were 115 

expected to increase upon N addition (Hypothesis 2). In addition, N mineralization rates were 116 

hypothesized to increase, while leucine-aminopeptidase activity was hypothesized to decrease 117 

with N addition (Hypothesis 3). 118 

2. Material and Methods 119 

2.1. Study area 120 

The long-term nutrient addition experiment is located in a mesic grassland savanna near 121 

Pietermaritzburg, KwaZulu-Natal, South Africa (29° 24´E, 30° 25´S). The experimental site 122 

(covering about 5000 m2) is placed on top of a slightly south-east facing slope (840 m a.s.l.). 123 

Mean annual precipitation amounts to 790 mm, and most of the rainfall occurs during October 124 

to April (Tsvuura and Kirkman, 2013). The mean annual temperature is 18°C and monthly 125 

minimum and maximum temperature range between 8.8 °C and 26.4 °C (Fynn et al., 2003, 126 

Ward et al., 2017). The vegetation is classified as a southern tall grassland (Ward et al., 2017) 127 
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that is interspersed with C3-trees (e.g. Acacia sieberiana) (Fynn and O'connor, 2005). 128 

However, no trees were present in the experimental area. The savanna grassland is 129 

characterized by high plant diversity with up to 14 different grass species and 9 different forb 130 

species per square meter (Zeglin et al., 2007). Predominant C4 grass species are Themeda 131 

triandra, Heteropogon contortus and Tristachya leucothrix. The ANPP is strongly controlled 132 

by water availability and approximately reaches 300 g m-2 yr-1 (Fynn and O'connor, 2005). 133 

Aboveground biomass is regularly removed at the end of the vegetation period, while fires 134 

have been prevented since the beginning of the experiment. The soil is shallow (0.6 – 1 m) 135 

and has a loamy clay texture (5% sand, 46% silt, 49% clay), moderate acidic pH value (pH in 136 

H2O: 5.5) and high stocks of total organic C (TOC, 7.3 kg C m-2) and total N (TN, 0.47 kg N 137 

m-2) in the upper 15 cm. According to the world reference base (WRB) the soil is classified as 138 

Acrisol, and has been evolved on shales of the Karoo sedimentary sequence (Fynn et al., 139 

2003).  140 

2.2. Experimental set-up  141 

The nutrient addition experiment was established in 1951 by the University of KwaZulu-Natal 142 

and has been maintained since then. In total, 24 plots (each 9 m x 2.7 m) were sampled, which 143 

are randomly arranged in a block design with a distance of 1 m to each other. The experiment 144 

includes four different levels of N addition with and without P addition. In total, this amounts 145 

to eight different treatments with respective N and P addition rates provided in Table 1. Each 146 

treatment is replicated three times. Nitrogen has been supplied annually in solid form as 147 

limestone ammonium-nitrate (28% N) and P has been supplied annually in solid form as 148 

super-phosphate (10.5% P). Soil samples were taken at the end of the vegetation period in 149 

February in 2017. Six soil cores were taken from the upper 15 cm at each plot and combined 150 

into one mixed sample. In addition, a small soil profile was prepared and undisturbed soil 151 

cores (100 cm³) were taken from the upper 15 cm to determine soil bulk density. All soil 152 
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samples were transferred in field-moist conditions to the University of Bayreuth within one 153 

week after sampling. 154 

2.3. Soil and microbial analyses:  155 

Sample preparation: Field-moist soil samples were sieved (<2 mm) and roots were removed. 156 

For analysis of element concentrations, soil material was dried at 50 °C and subsequently 157 

milled. Soil water content and water holding capacity (WHC) were analyzed gravimetrically. 158 

For determination of WHC, fresh samples were oversaturated with water, placed on a sand 159 

bath for 24 hours until field capacity (100% WHC) was reached, and then dried at 105°C. Soil 160 

samples were adjusted to a WHC of 60% and incubated at 15°C for seven weeks in order to 161 

determine C and net N mineralization.  162 

Element concentrations in soil and soil-water extracts: Total organic C (TOC) and total N 163 

(TN) concentrations were analyzed using an elemental analyzer (Vario Max Elementar, 164 

Hanau, Germany). Soil pH of air-dried soil was measured in a ratio (v/v) of 1.0 to 2.5 in 165 

distilled water (pHH2O). 166 

A dry-mass equivalent of 20 g soil was extracted in 80 ml distilled water and filtered 167 

(0.45µm). Total dissolved nitrogen (DN; TOC-TN Analyser, Jena Analytics) and dissolved 168 

organic carbon (DOC; TOC-TN Analyser, Jena Analytics) in the water extracts were 169 

determined. 170 

Net N mineralization: Net N mineralization rates were determined in soil water extracts 171 

according to Heuck et al. (2018) assuming negligible effects of NH4
+ adsorption to soil 172 

particles or organic matter (Haney et al., 2006). Net N mineralization rates were calculated 173 

based on the linear increase in the N-NH4
+ plus N-NO3

- concentration in soil over time. For 174 

this purpose, we prepared soil-water extracts at day 0, 7, 14, 21, 35, and 49 of the incubation. 175 

Sub-samples of 20 g soil dry-mass equivalent were extracted in 80 ml distilled water on an 176 

overhead shaker for one hour. The water extracts were filtered (0.45 µm) by means of an 177 

under-pressure device and subsequently measured for NH4
+ via flow injection analysis (FIA-178 
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Lab, MLE Dresden) and NO3 via ion chromatography (Metrohm 881 Compact IC pro, 179 

Metrohm Switzerland). The N mineralization rate was calculated as the increase in inorganic 180 

N over time.  181 

C mineralization: CO2 was measured continuously (every 2 hours) from 10 g soil dry-mass 182 

equivalents incubated at 15°C over a period of 60 days using a respirometer (Respicond V, 183 

Nordgen Innovations) (Heuck and Spohn, 2016). C mineralization rates were calculated based 184 

on the linear increase in CO2-C over time. 185 

Microbial C and N: Microbial biomass C and N concentrations (MBC and MBN) were 186 

determined using the chloroform fumigation-extraction method (Brookes et al., 1982; Vance 187 

et al., 1987). Fumigated samples (incubated for 1 day in the dark) and non-fumigated samples 188 

were extracted in 0.5 M K2SO4 in a ratio of 1:5 (soil:extractant). After filtration, the samples 189 

were diluted in a ratio of 1:20, and dissolved C and N were measured using a TOC/TN 190 

Analyzer (multi N/C 2100, Analytik Jena, Jena, Germany). For calculating microbial biomass 191 

C and N, the concentration of the non-fumigated sample was subtracted from the one of the 192 

fumigated sample and multiplied by a conversion factor of 2.22 (Jenkinson, 2004). 193 

Microbial community: The V4 region of the prokaryotic 16S rRNA gene and the ITS2 region 194 

of fungal rRNA operons were amplified and sequenced on a MiSeq (Illumina) sequencer (see 195 

Supplementary Material for details). After removal of the primer sequences, reads were 196 

quality-filtered and clustered at maximum resolution using the DADA2 workflow (Callahan 197 

et al. 2016). Taxonomy was assigned to the resultant, non-chimeric sequences representing 198 

operational taxonomic units (OTUs) using the bayesian classifier implemented in mothur 199 

(Schloss et al. 2009) against the UNITE v7.2 database for ITS (Kõljalg et al. 2013), and the 200 

SILVA v128 database for 16S sequences (Quast et al., 2012), before fungal functional classes 201 

were assigned using FunGuild (Nguyen et al. 2016) and prokaryotic functions were predicted 202 

using PanFP (Jun et al., 2015). Gram staining characteristics and genome sizes were assigned 203 

to genera, based on the NCBI attributes collected in http://www-ab2.informatik.uni-204 
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tuebingen.de/megan/taxonomy/microbialattributes.zip and literature searches (Huson et al., 205 

2007).  206 

Enzyme activities: Soil enzymes of β-1,4-glucosidase (BG),  β-1,4-N-acetylglucosaminidase 207 

(NAG), and leucine-aminopeptidase (LAP) were determined using the fluorogenic substrates, 208 

4-methylumbelliferyl-β-D-glucoside, 4-methylumbelliferyl-N-acetyl-β-D-glucosaminide and 209 

L-leucine-7-amino-4-methylcoumarine according to German et al. (2011) and Herold et al. 210 

(2014). One gram of moist soil was homogenized in 50 ml of sterile water by shaking for 20 211 

min. The soil homogenates were pipetted into microplates and 100 µl of 1 mM fluorescent 212 

substrate solution was added. Samples were preincubated in the dark at 15°C for 30 min, and 213 

subsequently measured fluorometrically after 0, 30, 60, and 180 min using a microplate reader 214 

(Infinite® 200 PRO, TECAN). Fluorescence was corrected for quenching of the soil as well 215 

as for the fluorescence of substrate and soil (German et al., 2011). Enzyme activity was 216 

calculated from the slope of net fluorescence over incubation time in nmol g-1 h-1 according to 217 

German et al. (2011). 218 

2.4. Statistics 219 

Statistical analyses were carried out using SigmaPlot 13 (SYSSTAT) and R version 3.3 (R 220 

Development Core Team). Simple regressions were used to identify relationships between 221 

response variables. All regressions were considered significant at p < 0.05. 222 

We implemented two-way ANOVAs with N addition as first factor and P addition as second 223 

factor to identify single and interacting effects between N and P addition. However, two-way 224 

ANOVA revealed hardly any interactions between N and P addition, and showed N addition 225 

to be the predominant factor controlling microbial characteristics and rates of C and N cycling 226 

(Supplementary Material, Table 1). Therefore, we additionally used mixed linear models 227 

(MLM) to calculate independent effects of N and (P) addition using the “nlme” package and 228 

the “multcomp” package for post-hoc tests in R. For this purpose, treatments were grouped 229 

according to their N and P addition rates. Additional variance, resulting from non-target 230 
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parameters, was eliminated by selecting either N or P as random factor. Further, MLM 231 

regressions were used to analyze to what extent DN and pH explain variance in microbial 232 

biomass, whereby variance of one parameter was eliminated by selecting the other (DN or 233 

pH) as random factor (the random factors were consistently classified with n=8 as follows: 234 

pH classes <4.5, 4.6-5.0, >5.1; DN classes 0-20, 20-40 and >40 mg DN kg soil-1). Before 235 

applying two-way ANOVA and MLM, data were checked for normality and homogeneity of 236 

variance and transformed if necessary.  237 

We applied structural equation modeling (SEM) using the “lavaan” package for R. SEM is a 238 

robust multivariate statistical approach allowing for hypotheses testing of complex path-239 

relation networks (Grace et al., 2010; Eisenhauer et al., 2015). It was used to test causal 240 

relationships between N addition and microbial biomass, C mineralization, C and N 241 

availabilities (measured as DN and DOC concentrations), substrate stoichiometry (measured 242 

as DOC:DN ratio), and soil acidification (measured as soil pH). The model fit was evaluated 243 

using Root Mean Square Error of Approximation (RMSEA), chi square (χ²), and the p value 244 

of χ². Note that a high p value of χ² (> 0.05) indicates a good model fit as it significantly 245 

differs from the baseline model. 246 

Metabarcoding based data were analyzed in R. Beta-diversity was visualized using NMDS of 247 

Jensen-Shannon divergences (JSD) of community profiles at OTU level (using vegan, 248 

phyloseq and ade4 packages). N and P addition were assessed as drivers of beta-diversity by 249 

permutational multivariate analysis of variance of JSDs (using adonis2 of the vegan package). 250 

The same analysis was conducted at taxonomic ranks such as genus, family, order and class 251 

level, and using weighted UniFrac distances for prokaryotic data (using vegan and phyloseq 252 

packages). In addition, the soil measurements with the strongest additional and independent 253 

explanatory values were determined using forward selection, also using permutational 254 

multivariate analyses. Simpson’s diversity index and Pielou’s evenness were calculated after 255 

rarefaction to equal read numbers (using vegan). Effective genome size was determined as the 256 
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means of genome sizes of the observed genera weighted by the relative abundance of the 257 

genera in each sample. Microbial taxa that were affected by N and/or P addition were 258 

identified using DESeq2, with a model employing N addition levels, P addition and their 259 

interaction as fixed effects. For the predicted relative gene abundances based on microbial 260 

community abundances, multivariate association with linear models (using MaAsLin) was 261 

performed for N and P addition. Gene abundances were considered significantly associated 262 

with either factor, if FDR-values < 0.01 were observed. 263 

3. Results 264 

3.1. Changes in element concentrations 265 

The TN concentration amounted to 3.0 g N kg soil-1 and the TOC concentration to 47 g C kg 266 

soil-1 in the control. Thus, 0.47 kg N m-2 and 7.3 kg C m-2 were stored in the upper 15 cm of 267 

the soil. Even though high amounts of N have been added throughout the last 66 years, the 268 

TOC and TN concentrations did not differ significantly between the control and nutrient 269 

addition treatments (Table 1). However, N addition strongly raised the concentration of DN. 270 

Dissolved N concentrations were 6.3 mg N kg soil-1 in the control and were 5.6, 6.7, and 20.6 271 

times higher in the low, medium, and high N addition level without P addition, respectively. P 272 

addition significantly reduced DN concentrations in the low, medium and high N level as 273 

compared to corresponding single N levels. In the NP treatments, DN concentrations 274 

gradually increased with increasing N addition rate (Table 1). The increase in DOC 275 

concentration in response to N addition, however, was less strong, and only significant 276 

differences occurred in the N treatments without P addition. Here, the DOC concentrations in 277 

the low N level without P addition significantly differed from that of the highest N level 278 

without P addition. Single P addition and combined NP additions had no effect on DOC 279 

concentrations (Table 1). The soil pH decreased with increasing N addition rate, and was 280 

more than one unit lower in the highest N level without P addition (pH:4.1) than in the control 281 

(pH: 5.4). P addition did not significantly affect the soil pH (Table 1). 282 
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3.2. Soil microbial biomass and stoichiometry 283 

MBC concentrations ranged between 380 and 960 mg C kg soil-1 across all treatments, and 284 

the highest values were found in the control. MBC decreased significantly with intensified N 285 

addition (Fig. 1a). It was 0.79, 0.65, and 0.48 times lower in the low, medium, and high N 286 

addition treatment than in the sites without N addition, respectively. Phosphorus addition did 287 

not significantly change MBC (Supplement Material, Table S1). MBC showed a negative 288 

linear correlation with DN (R² = 0.67, p < 0.001), a positive asymptotic relationship with the 289 

DOC:DN ratio (R² = 0.85, p < 0.001), a positive linear relationship with the TOC:TN ratio, 290 

and positive linear correlation with soil pH (R² = 0.68, p < 0.00) (Fig. S1 a-d). Mixed linear 291 

models revealed that DN and pH independently contributed to explain variance of MBC (DN: 292 

R² = 0.63, p < 0.001; pH: R² = 0.36, p < 0.001). The microbial biomass was homeostatic with 293 

respect to its C:N ratio (mean microbial biomass C:N: 7.8; Fig. 1b), despite strong changes in 294 

the dissolved organic matter (DOM) C:N ratios with increasing N addition (Table 1), and 295 

strong changes in the microbial community composition (see chapter 3.3.). 296 

3.3. Microbial community changes 297 

Long-term N and P addition induced changes in microbial community composition (Fig. 2a). 298 

We observed significant effects of N and P addition for both the prokaryotic and fungal 299 

community (Supplementary Material, Table S2). However, N addition affected community 300 

compositions more strongly than P addition, especially in the prokaryotic community. Next to 301 

N addition, pH was found to best explain the shifts in prokaryotic community composition 302 

(Fig. 2b). Both N and P addition contributed to the observed shift in the fungal community, 303 

with additional explanatory power of DIP and DOC:DN ratio (Fig. 2b). The effect of pH on 304 

the fungal community was only significant if N and P addition were not considered in the 305 

model (explaining 20% of the observed variance, Supplementary Material, Table S3).  306 

Differences in community composition through single and combined N and P addition were 307 

observable at all studied taxonomic ranks (OTUs, genera, families, orders, classes and phyla 308 
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(for prokaryotes) and divisions (for fungi) (Supplementary Material, Table S4). We found that 309 

within the prokaryotic community especially gram-positive bacteria increased with N addition 310 

(mostly Actinobacteria) as well as some gram-negative bacteria, which are known to be 311 

associated with low pH (e.g. Acidobacteria subgroup 13, Supplementary Material, Table S4). 312 

Within the fungal community, a relatively decrease in Basidiomycota with N addition was 313 

observable, which is noteworthy as this group includes the majority of all ectomycorrhizal 314 

species (Supplementary Material, Table S4). However, we did not observe any significant 315 

changes in predicted fungal functional classes with N addition. 316 

Predicted changes in Gram+:Gram- ratio and effective genome size 317 

For prokaryotic communities, a clear asymptotic increase in gram-positive relative to gram-318 

negative bacteria was observed with intensified N addition, and an exponential decrease with 319 

DOC:DN ratio (Supplementary Material, Fig. S2a-b). The relative increase in gram-positive 320 

bacteria was accompanied by an increase in abundance of bacteria with smaller genome sizes 321 

at higher N addition levels. Effective genome size was 0.95, 0.88, and 0.78 times lower than 322 

that of the sites without N addition in the low, medium and high N addition levels, 323 

respectively (Supplementary Material, Fig. S2c). Moreover, the effective genome size was 324 

strongly related to the DOC:DN ratio with a remarkable decrease once the substrate C:N ratio 325 

was below the microbial biomass C:N ratio (Supplementary Material, Fig. S2d).  326 

 Predicted abundance of labile C degrading enzymes 327 

The abundance of genes encoding hydrolytic enzymes targeting cellulose, hemicellulose, and 328 

chitin was predicted to increase with higher N addition rate (Fig. 3). Moreover, the predicted 329 

relative abundances of genes encoding hemicellulose, cellulose, and chitin degrading enzymes 330 

showed positive linear correlations with the DN concentration (Fig. 4a-c). Further, they 331 

decreased exponentially with the DOC:DN ratio (Fig. 4d-f), and linearly with the TOC:TN 332 

ratio (Fig. 4g-i) and with increasing soil pH (Fig. 4j-l). In contrast, the predicted relative gene 333 

abundance of oxidative enzymes targeting more complex compounds (e.g. the phenol-oxidase 334 
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gene abundances that catalyze lignin degradation) decreased with N addition (Fig. 3). The 335 

predicted relative abundance of the lignin-degrading phenol-oxidase decreased linearly with 336 

DN concentration, increased asymptotically with the DOC:DN ratio, and increased linearly 337 

with  soil pH (Supplementary Material, Fig. S3). 338 

3.4. Hydrolytic enzyme activities 339 

Results of predicted relative abundances of genes encoding hydrolytic enzymes concurred 340 

with measurements of hydrolytic enzyme activities. Leucine-aminopeptidase activity per unit 341 

soil decreased with increasing N addition rate. It was significantly lower in the soil of the 342 

medium (0.4 times) and high N addition treatment (0.28 times) than in the soil without N 343 

addition (Fig. 5a). In contrast, P addition caused no effect on leucine-aminopeptidase activity 344 

(Supplementary Material, Table S1). Leucine-aminopeptidase activity per unit soil decreased 345 

exponentially with DN concentrations, increased asymptotically with DOC:DN ratio, and 346 

increased linearly with the TOC:TN ratio as well as exponentially with soil pH  347 

(Supplementary Material, Fig. S4a-d). Further, we found that the leucine-aminopeptidase 348 

activity per unit MBC strongly decreased once the C:N ratio of the DOM approached the C:N 349 

ratio of the microbial biomass (Fig. 5b). 350 

The β-glucosidase activity per unit soil did not significantly differ between N addition levels 351 

(Fig. 5c) and P addition levels (Supplementary Material, Table S1). However, β-glucosidase 352 

activity per unit MBC decreased exponentially once the DOC:DN ratio approximated that of 353 

the microbial biomass (Fig. 5d). Very similar patterns were observed for the N-354 

acetylglucosaminidase activity. N-acetylglucosaminidase activity per unit soil did not 355 

significantly differ between N addition levels (Fig. 5e) and P addition levels (Supplementary 356 

Material, Table S1), while N-acetylglucosaminidase activity per unit MBC exponentially 357 

decreased with the DOC:DN ratio (Fig. 5f). Both β-glucosidase and N-acetylglucosaminidase 358 

activities per unit soil tended to increase with DN concentration, decreased with the DOC:DN 359 
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ratio, and increased with the TOC:TN ratio as well as with soil pH, although most correlations 360 

were only marginally significant (p = 0.07) (Supplementary Material, Fig. S4e-l).  361 

3.5. C mineralization rate 362 

C mineralization ranged between 5.4 and 11.5 mg C kg soil-1 day-1 across all treatments. It 363 

was not affected by P addition (Supplementary Material, Table 1), but gradually declined with 364 

increasing N addition rate (Fig 6a). C mineralization was significantly lower in the medium 365 

(0.70 times) and the highest N level (0.52 times) compared to the sites without N addition. It 366 

decreased exponentially with DN concentrations (R² = 0.33, p = 0.005), increased 367 

asymptotically with DOC:DN ratios (R² = 0.44, p < 0.001), and linearly with theTOC:TN 368 

ratio (R² = 0.37, p = 0.002) as well as with soil pH (R² = 0.50, p < 0.001), and MBC (R² = 369 

0.47, p < 0.001) (Supplementary Material, Fig. S5a-d). Further, we found that below a critical 370 

C:N ratio of 10.4, C mineralization almost ceased. However, when C mineralization rates 371 

were based on unit MBC, no significant linear correlations between C mineralization and DN 372 

(R²= 0.02; p = 0.64), TOC:TN ratio (R²= 0.01; p = 0.87), soil pH (R²= 0.02; p = 0.50) or 373 

DOC:DN ratio (R² = 0.02; p = 0.49; Fig. 6b) were observed.  374 

Structural equation modeling showed that N addition directly constrained C mineralization, 375 

and indirectly affected soil pH with negative feedbacks on C mineralization rates. Further, N 376 

addition significantly affected DN and DOC concentrations as well as the DOC:DN ratio, 377 

which together impaired the microbial biomass pool. In total, the combined factors explained 378 

59% of the variance of C mineralization and 91% of the variance of MBC. Surprisingly, the 379 

model did not indicate a direct effect of MBC on C mineralization (Fig. 7). 380 

3.6. Net N mineralization rate 381 

Net N mineralization was about 10 times lower than C mineralization and ranged between 382 

0.04 and 0.65 mg N kg soil-1 day-1 across all treatments. It gradually increased with N addition 383 

rate, and was 4.0, 4.7, and 6.7 times higher in the low, medium and high N treatment, 384 

respectively, compared to the sites without N addition (Fig. 6c). Net N mineralization rates 385 
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increased asymptotically with DN concentrations (R² = 0.33, p = 0.005), decreased 386 

exponentially with higher DOC:DN ratio (R² = 0.44, p < 0.001), and showed a negative linear 387 

relationship with the TOC:TN ratio (R² = 0.27, p = 0.009) as well as with soil pH (R² = 0.44, 388 

p < 0.001) (Supplementary Material, Fig. S6e-h). We identified the critical threshold soil 389 

TOC:TN ratio for net N mineralization to be 19.5, which is the intercept with the x axis 390 

(Heuck et al., 2016). Above this ratio, net N mineralization was almost zero, indicating that N 391 

immobilization leveled out gross N mineralization. Net N mineralization per MBC showed a 392 

negative exponential relationship with the DOC:DN ratio, indicating that N mineralization is 393 

strongly increased if the C:N ratio of the DOM was close to the microbial biomass C:N ratio 394 

(Fig. 6d).  395 

4. Discussion 396 

4.1. Microbial homeostasis as a driver of C and N cycling 397 

While microbial biomass strongly decreased with N addition, the C:N ratio of soil microbial 398 

biomass did not differ significantly between the treatments despite high annual N and P inputs 399 

for several decades. Previous studies did not find consistent results with respect to effects of 400 

nutrient addition or changing element availabilities on microbial biomass stoichiometry. 401 

While some studies indicated a change in the C:N ratio of the microbial biomass (Hu et al., 402 

2010; Li et al., 2012; Khan and Joergensen, 2019), other studies demonstrated that the 403 

microbial community maintains its C:N ratio independent of nutrient availabilities 404 

(Joergensen and Scheu 1999; Heuck et al. 2015; Tapia-Torres et al. 2015). The latter is in line 405 

with our observation and supports the concept of microbial homeostasis (Cleveland and 406 

Liptzin, 2007; Xu et al., 2013; Spohn, 2016), and is especially noteworthy, given that the 407 

microbial community structure and function shifted due to N addition (see chapter 4.4.). The 408 

reason why the microbial community was able to maintain its biomass stoichiometry despite 409 

strong changes in element availabilities in its environment is very likely that it adjusted the 410 

rates of processes of C and N cycling according to its stoichiometric demands. 411 
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4.2. Stoichiometric controls of C and N acquisition  412 

Nitrogen addition caused a marked decline in leucine-aminopeptidase activity per unit soil, 413 

indicating that microbes reduce their investment into N acquisition from organic pools once 414 

microbial N demands are saturated (Saiya-Cork et al., 2002; Nemergut et al., 2008; Ramirez 415 

et al., 2012). This agrees with other studies reporting decreased gross N mineralization in 416 

forest and grasslands due to N fertilizer application (Corre et al., 2003; Hoeft et al., 2014).  417 

Contrarily, β-glucosidase and N-acetylglucosaminidase activities per unit soil as well as 418 

predicted relative gene abundances of labile C degrading enzymes tended to increase with N 419 

addition rate. This indicates that microbes invest more energy into C acquisition when 420 

provided with high loads of inorganic N, as shown previously (Carreiro et al., 2000; Allison 421 

and Vitousek, 2005; Zeglin et al., 2007). Increased β-glucosidase and N-422 

acetylglucosaminidase activities likely render organic C available, which balances the high N 423 

availability. Our interpretation that C and N cycling in soil is driven by stoichiometric 424 

homeostasis of the soil microbial biomass was especially supported by the relationship 425 

between the DOC:DN ratio and  β-glucosidase as well as N-acetylglucosaminidase activities. 426 

The strong decrease in leucine-aminopeptidase activity and the increase in β-glucosidase and 427 

N-acetylglucosaminidase activities at DOC:DN ratios < 8 indicate that microbes stop 428 

investing into N acquisition while promoting C acquisition if the C:N ratio of the DOM is 429 

smaller than the C:N ratio of the microbial biomass. The reason for this is that DOM forms 430 

the dominant substrate on which soil microorganisms thrive (Marschner and Kalbitz, 2003) 431 

and its C:N ratio determines whether N is scarce or sufficient with respect to microbial 432 

demands.  433 

4.3. Controls on net N and C release 434 

Net N mineralization gradually increased with N addition, which is in line with previous 435 

studies on grassland and forest soils (Le Nave et al., 2009; Ma et al., 2011; Zhang et al., 436 

2012). Especially once the substrate C:N ratio converged to that of the microbial biomass, net 437 
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N mineralization increased substantially. This was even more apparent when the net N 438 

mineralization rate was based on MBC. The most plausible explanation for this is that 439 

microbes released large amounts of N, when the substrate N exceeds the microbial N demand 440 

(Manzoni et al., 2008; Heuck and Spohn, 2016), while they strongly immobilize N when 441 

thriving on N poor substrate. The threshold element ratio for net N mineralization observed 442 

here indicates that above a soil C:N ratio of 19 and above a DOC:DN ratio of 23, N 443 

immobilization balanced gross N mineralization leading to a strong reduction of net N release. 444 

This is in accordance with previously reported threshold C:N ratios for net N mineralization 445 

in litter (Kaiser et al., 2014; Heuck and Spohn, 2016). 446 

In contrast to increasing N mineralization rates, C mineralization decreased with higher N 447 

availability, as similarly shown for other grassland and forest soils (Söderström et al., 1983; 448 

Berg and Matzner, 1997; Magill and Aber, 1998; Hagedorn et al., 2003; Sjöberg et al., 2003; 449 

Craine et al., 2007; Ramirez et al., 2012; Spohn et al., 2016). However, we found no clear 450 

relationship between C mineralization per unit MBC and TOC, TN, DN, DOC or DIN 451 

concentrations or their ratios. This indicates that reduced overflow respiration or decreased N 452 

mining (Craine et al., 2007; Manzoni et al., 2012) in this mesic grassland potentially 453 

contributed less to the decreased C mineralization under elevated N. Therefore, we could not 454 

explicitly confirm our second hypothesis postulating that C mineralization decreases due to 455 

stoichiometric constraints.  456 

SEM showed that C mineralization was reduced mainly due to N addition and reduced soil 457 

pH. The most plausible explanation for this is that increased N availability and decreased pH 458 

caused by high N addition rates reduced the microbial biomass pool. Further, it is likely that 459 

N addition and associated soil acidification inhibited the production and activity of oxidative 460 

enzymes that are involved in the depolymerization of complex organic substances (e.g. lignin) 461 

(Frey et al., 2004; Gallo et al., 2004; Sinsabaugh et al., 2005). In agreement with this, we 462 
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found that the predicted gene abundance of phenol-oxidase was reduced through N addition 463 

and associated soil acidification. 464 

4.4. N addition changes microbial community composition  465 

Long-term N addition decreased the microbial biomass and changed the microbial community 466 

composition. One explanation for this could be that N addition imbalanced the availability of 467 

C relative to N (Chen et al., 2018). Increasing N addition caused a shift towards bacteria with 468 

a lower genome size, which mostly belong to the gram-positive bacteria (e.g. Mycobacterium 469 

sp.) or in some cases to gram-negative bacteria (e.g. Acidobacterium sp.) that are well adapted 470 

to low soil pH (Eichorst et al., 2011). The bacterial groups with lower genome size can be 471 

expected to be more efficient in C acquisition and uptake because they can cope more easily 472 

with imbalances between C and N. First, a reduction of the genome size goes along with 473 

reduced amounts of C tied up in DNA and mRNA per cell (Cottrell and Kirchman, 2016). 474 

Second, many of these bacterial groups are specialists for degradation of specific substrates 475 

with small but well adapted enzyme sets (Martínez-Núñez et al., 2013). Since fungi are in 476 

general equipped with a larger set of enzymes than bacteria, targeting multiple 477 

polysaccharides (Berlemont, 2017), it is likely that they can compensate more easily for 478 

stoichiometric imbalances in their environment. This might explain why the fungal 479 

community changed less strongly than the prokaryotic community in response to nutrient 480 

inputs to soil. 481 

Another explanation could be that N addition decreased soil pH, which constrained the 482 

functioning of the microbial community and thereby affected the pool sizes and community 483 

composition of soil microorganisms. This is in agreement with Rousk et al, (2010) who 484 

pointed out that bacteria have a very narrow pH optimum for growth tolerance, likely as a 485 

consequence of high aluminum concentration below pH of 5 (Pietri and Brookes 2008; Rousk 486 

et al. 2009) and lower C solubility with decreasing soil pH (Andersson et al. 2000). The low 487 

soil pH in the soils that have received high amounts of N was likely induced by nitrification 488 
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processes that release protons by oxidizing ammonium to nitrate. For bacteria, we observed 489 

that N addition increased the relative abundance of groups that are known to be associated 490 

with low pH (e.g. Acidobacteria subgroup 13, Firmicutes) and reduced the relative 491 

abundances of groups associated with neutral or higher pH (e.g. Acidobacteria subgroups 5 492 

and 17, Nitrospira, Anaerolineae, Chloroflexia) (Bartram et al., 2014). However, the fungal 493 

community was less strongly affected by N inputs than the prokaryotic community, likely 494 

because their physiological traits make them more resistant to a reduced soil pH. This is 495 

consistent with previous studies indicating that fungi respond less sensitively towards soil 496 

acidification than bacteria (Vries et al., 2006; Zhang et al., 2008; Rousk et al., 2009; Rousk et 497 

al., 2010). Reasons for this could be that saprotrophic fungi have thick cell walls with 498 

crosslinked polymers (Madigan et al., 2017), and thus are less vulnerable to changes in soil 499 

pH as compared to bacteria (Madigan et al., 2017). Moreover, filamentous fungi can extend 500 

their hyphal networks over long distances (Posada et al., 2012) and can transport nutrients, 501 

which means that they can mitigate stoichiometric imbalances. 502 

 5. Conclusions 503 

Despite high N addition to soil over many decades, the microbial biomass C:N ratio did not 504 

change in this grassland. This is especially noteworthy given that the microbial biomass 505 

decreased, and the community of fungi and, in particular, of prokaryotes was strongly altered. 506 

Thus, the microbial community was able to maintain its stoichiometry by adjusting processes 507 

of C and N cycling. A higher N availability likely enhanced microbial investments into C 508 

acquisition as indicated by an increase of β-glucosidase and N-acetylglucosaminidase 509 

activities, and a predicted increase in labile C degrading prokaryotic taxa. In contrast, leucine-510 

aminopeptidase activity decreased due to N addition, suggesting that the microbial 511 

community invested less into N acquisition under high N inputs. Yet, the decrease in C 512 

mineralization in response to N addition can be attributed to a decrease in pH rather than to 513 

stoichiometric constraints. While N strongly affected processes of the C and N cycle, P 514 
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addition did not change soil C and N cycling. In conclusion, our results suggest that changes 515 

in the rates of C and N cycling processes can largely be explained (1) by the property of the 516 

soil microbial community to adjust processes of element cycling to element availabilities and 517 

maintain its biomass stoichiometry and (2) by its reaction to soil acidification when exposed 518 

to high addition of N over long periods.  519 
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Figure Captions 533 

Figure 1: Microbial biomass carbon (MBC) (a) and molar microbial biomass C:N ratio as a function 534 

of N addition rate. Red dots show means ± SD (n=6), whereby treatments receiving N and treatments 535 

with combined N and P addition were grouped together. Mixed linear models were applied to indicate 536 

effects of N addition. The variance derived from P addition was eliminated selecting it as random 537 

factor. Significant differences are indicated by lower case letters (p < 0.05). Correlations were 538 

considered significant at p < 0.05 (n=24).  539 

Figure 2: Fungal and prokaryotic community composition depending on N and P addition (a) and 540 

explained variance of microbial community compositions by measured soil parameters (b). Microbial 541 

OTU community composition was analyzed using ITS and 16S amplicon sequencing. For panel (a): 542 

Data are represented via non-metric multi-dimensional scaling of Jensen-Shannon divergence (JSD) 543 

between taxonomic profiles. For panel (b): Soil parameters were tested by forward selection using 544 

permutational multivariate analysis of variance based on JSD of microbial communities at OTU level. 545 

Figure 3: Predicted relative gene abundances of selected C degrading exoenzymes depending on N 546 

and P addition. (Hemi)cellulose degrading enzymes include beta-glucosidase, endo-1,4-beta-xylanase, 547 

endoglucanase, 1,4-beta-D-glucan cellobiohydrolase; Chitin-degrading enzymes include endo-beta-N-548 

acetylglucosaminidase, chitinase; Lignin-degrading enzyme include phenol-monooxidase. 549 

Annotations are taken from the Kyoto Encyclopedia of Genes and Genomes (KEGG): K01179= 550 

endoglucanase; K01225= cellulose 1,4-beta-cellobiosidase; K05349= beta-glucosidase (bglX); 551 

K05350= beta-glucosidase (bglB); K01181= endo-1,4-beta-xylanase; K01227= mannosyl-552 

glycoprotein endo-beta-N-acetylglucosaminidase; K01183=  chitinase; K00505= tyrosinas.  553 

Figure 4: Correlations between predicted relative gene abundances of hemicellulose, cellulose, chitin 554 

degrading with dissolved N (DN) (a-c), DOC:DN ratio (d-e), TOC:TN ratio (f-h), and soil pH (i-k). 555 

Predicted hemicellulose degrading enzymes: beta-glucosidase, endo-1,4-beta-xylanase; predicted 556 

cellulose degrading enzymes: endoglucanase, 1,4-beta-D-glucan cellobiohydrolase; predicted chitin-557 

degrading enzymes: endo-beta-N-acetylglucosaminidase, chitinase. For DN one value was deemed as 558 

outlier, and was not included. 559 

 560 
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Figure 5: Activity of leucine-aminopeptidase, β-glucosidase and N-acetylglucosaminidase depending 561 

on N addition rate (a, c, e) and the enzyme activity per unit microbial biomass carbon (MBC) as a 562 

function of the DOC:DN ratio (b, d, f). Red dots show means ± SD (n = 6); N and NP treatments were 563 

grouped together. Mixed linear models were applied to indicate effects of N addition. The variance 564 

derived from P addition was eliminated selecting it as random factor. Significant differences (p < 0.05) 565 

are indicated by lower-case letters. For all panels correlations were considered significant at p < 0.05 566 

(n=24). 567 

Figure 6: Net C and N mineralization rates depending on N addition rate (a, c), and net C and N 568 

mineralization per unit microbial biomass carbon (MBC) (qCmin and qNmin) as a function of the 569 

DOC:DN ratio (b,d). For panel (a) and (b): Red dots show means ± SD (n = 6); N and NP treatments 570 

were grouped together. Mixed linear models were applied to indicate effects of N addition. The 571 

variance derived from P addition was eliminated selecting it as random factor. Significant differences 572 

(p < 0.05) are indicated with small letters. For all panels correlations were deemed significant at p < 573 

0.05 (n=24). 574 

Figure 7: Pathway-model predicting effects of N addition on microbial biomass carbon (MBC) and C 575 

mineralization. The initial model included all pathways that are represented here (arrows). Significant 576 

paths are illustrated by bold arrows with standardized path coefficients, whereby positive path 577 

coefficients illustrate a positive relationship and vice versa. Numbers in red boxes state the explained 578 

variance of each factor. The model was evaluated using Chi square (χ²), Comparative Fit Index (CFI), 579 

Tucker Lewis Index (TLI), and Root Mean Square error of Approximation (RMSEA). Note that CFI 580 

and TLI were close to one, RMSEA was < 0.05, and the high p value of χ² all together indicated a 581 

good model fit. 582 
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Table1: Element concentrations in soil and soil water extracts depending on N and P addition 

Variable  Two-way ANOVA   Effect of N addition (among groups)  Effects of N and P addition (within groups) 
  N P NxP  N0 N7 N14 N21  N0P0 N7P0 N14P0 N21P0  N0P9 N7P9 N14P9 N21P9 
  (significance level)  (significance level)  (without P)  (with P) 

TOC 
 

n.s. n.s. n.s. 
 A A A A  47 a 43a 45a 48a  49a 47a 43a 48a 

       ± 3 ± 4 ± 2 ± 3  ± 2 ± 2 ± 1 ± 1 

TN 
 

n.s. n.s. n.s. 
 A A A A  3.0a 3.2a 3.3a 3.5a  3.4a 3.2a 3.1a 3.5a 

       ± 0.1 ± 0.4 ± 0.2 ± 0.1  ± 0.2 ± 0.3 ± 0.1 ± 0.1 

DOC 
 

* n.s. n.s. 
 AB A AB B  121ab 119a 137ab 163b  137a 131a 134a 150a 

       ± 8 ± 2 ± 9 ± 47  ± 5 ± 6 ± 16 ± 18 

DN 
 

*** ** ** 
 A B B C  6.3a 35.3b 42.2b 130.4c  10.4a* 18.2b* 27.7b* 58.5c* 

       ± 1.0 ± 10.0 ± 5.4 ± 69.8  ± 1.9 ± 5.3 ± 5.4 ± 8.8 

DOC:DN ratio 
 

*** ** ** 
 A B B C  22.8a 4.2b 3.9b 1.7c  15.6a 8.9ab* 5.7bc* 3.0c 

       ± 5.1 ± 1.3 ± 0.7 ± 0.9  ± 2.0 ± 2.7 ± 0.4 ± 0.6 

DIP 
 

** *** ** 
 A AB B B  0.1a 0.1a 0.1a 0.1a  4.7a* 2.3ab* 0.6c* 0.8bc* 

       ± 0.07 ± 0.03 ± 0.01 ± 0.02  ± 1.23 ± 1.01 ± 0.28 ± 0.48 

pH in H2O 
 

*** n.s. n.s. 
 A AB B C  5.4a 4.9ab 4.7bc 4.1c  5.1a 5.1a 4.8ab 4.3b 

       ± 0.3 ± 0.2 ± 0.4 ± 0.3  ± 0.2 ± 0.1 ± 0.1 ± 0.2 
Shown are means with standard deviations. Separate and combined effects of N and P addition were tested by two-way ANOVA followed by Tuckey post hoc test. Two-way ANOVA indicates 
effects of N addition, effects of P addition, and interactions of NxP addition (*, p < 0.05; **, p < 0.01, ***, p < 0.001). Capital case letters show significant differences among N levels (p < 0.05), 
and asterisks indicate significant differences among P levels (p < 0.05). Lower-case letters indicate significant difference between N addition rates within P groups (with and without P addition). 
Abbreviations are N addition rate (in g N m-2 yr-1), P addition rate (in g P m-2 yr-1), total organic C (TOC in g C kg-1), total N (TN in g N kg-1), dissolved organic C (DOC in mg C kg-1), dissolved 
total N (DN in mg N kg-1), and dissolved inorganic P (DIP in mg P kg-1). 
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Highlights: 

o N (and  P) additions affected the microbial community but not their C:N stoichiometry 

o Long-term N addition changed processes involved in C and N cycling  

o Abundance of genes involved in the C cycle increased with elevated N availability 

o Microbes invested less into peptidases and increased net N mineralization  

o N addition and associated soil acidification reduced C mineralization rates 

 


