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Abstract

Soil carbon (C) and nitrogen (N) stoichiometry is a main driver of ecosystem functioning. Global N enrichment has

greatly changed soil C : N ratios, but how altered resource stoichiometry influences the complexity of direct and indi-

rect interactions among plants, soils, and microbial communities has rarely been explored. Here, we investigated the

responses of the plant-soil-microbe system to multi-level N additions and the role of dissolved organic carbon (DOC)

and inorganic N stoichiometry in regulating microbial biomass in semiarid grassland in northern China. We docu-

mented a significant positive correlation between DOC and inorganic N across the N addition gradient, which contra-

dicts the negative nonlinear correlation between nitrate accrual and DOC availability commonly observed in natural

ecosystems. Using hierarchical structural equation modeling, we found that soil acidification resulting from N addi-

tion, rather than changes in the plant community, was most closely related to shifts in soil microbial community com-

position and decline of microbial respiration. These findings indicate a down-regulating effect of high N availability

on plant–microbe interactions. That is, with the limiting factor for microbial biomass shifting from resource stoichi-

ometry to soil acidity, N enrichment weakens the bottom-up control of soil microorganisms by plant-derived C

sources. These results highlight the importance of integratively studying the plant-soil-microbe system in improving

our understanding of ecosystem functioning under conditions of global N enrichment.
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Introduction

The impact of nitrogen (N) deposition on ecosystem

functioning is an important aspect of anthropogenic

global change. With the increase in N deposition from

fossil fuel combustion and application of artificial fertil-

izers, effects of N enrichment on ecosystem structure

and functioning have been widely studied (e.g., Clark

& Tilman, 2008; Galloway et al., 2008; Bobbink et al.,

2010). Although low levels of N addition, particularly

in N-limited ecosystems, generally increase biomass

production (LeBauer & Treseder, 2008; Xia & Wan,

2008), alleviation of N limitation following N enrich-

ment has been suggested as a main driver of the loss of

global plant species diversity (Stevens et al., 2004; Clark

& Tilman, 2008).

N enrichment can substantially alter the soil physico-

chemical environment such as lower soil pH (e.g., Guo

et al., 2010; Phoenix et al., 2012). Soil acidification fol-

lowing N enrichment can lead to leaching of calcium

and magnesium, and activate mineral-associated alumi-

num, which may negatively affect plant growth due to

magnesium limitation (Lucas et al., 2011) or aluminum

toxicity (Aber et al., 1998). In addition, N enrichment

may alter soil microbial community structure and func-

tioning with further consequences for ecosystem pro-

cesses and productivity. Although discrepancies exist,

N enrichment generally reduces the abundance of soil

fungi, in particular arbuscular mycorrhizal fungal bio-

mass, but increases or has little effect on bacterial bio-

mass (Treseder, 2008; Gutknecht et al., 2012). A variety

of mechanisms underlying N effects on soil microbial

abundance and biomass have been proposed, including

direct effects as well as indirect effects via shifts in soil

properties (Treseder, 2008; Ramirez et al., 2012). For

example, N-induced shifts in plant biomass or
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composition can alter the belowground carbon (C) allo-

cation, and hence, influence the amount of C available

to microbes (Wallander, 1995). As such, N enrichment

has the potential to alter the strength of plant–microbe

interactions. Importantly, shifts in microbial abundance

and community composition may in turn provide feed-

back to plant productivity and community composition

(Kardol et al., 2007).

Changes in above- and belowground ecosystem com-

ponents following N enrichment do not occur in isola-

tion (Tylianakis et al., 2008). The plant-soil-microbe

system is tightly linked by C and nutrient cycling, such

as the dynamics of available soil C (dissolved organic

carbon, DOC) and N (inorganic N). Soil resource stoi-

chiometry influences plants, microbes, and their inter-

actions and feedbacks. Recently, it has been shown that

coupled DOC and nitrate cycling result in negative

relationships between DOC and nitrate concentrations

in soils, lakes, and oceans (Taylor & Townsend, 2010;

Weyhenmeyer & Jeppesen, 2010; Heffernan & Fisher,

2012). On the other hand, some studies have shown

neutral or positive effects of N enrichment on soil DOC

(Aber et al., 1998; Liu & Greaver, 2010), indicating that

N enrichment may alter soil resource stoichiometry

(i.e., moderating the trade-off between DOC and inor-

ganic N accumulation), and hence, may alleviate micro-

bial C limitation. However, most of these previous

studies were performed under non-saturated N condi-

tions. While increase in human activity has already

resulted in widespread occurrence of N saturation

resulting from continuous exposure to high levels of N

deposition, we know little about how the integrated

plant-soil-microbe system responds when N concentra-

tions reach the point of saturation.

Understanding effects of N enrichment on plant–
microbe interactions thus requires a whole-system

approach explicitly considering the coupling between

C and N cycles. The Eurasian temperate steppe repre-

sents the world’s largest grassland biome across the

Eurasian continent, and has experienced intensifying

anthropogenic disturbance, including increasing levels

of N deposition. Plant productivity in temperate steppe

is generally strongly N-limited. Hence, N enrichment

has important consequences for the functioning of these

ecosystems (Bai et al., 2010; Lan & Bai, 2012). We tested

effects of N enrichment on plants, soil properties, and

microbial communities in steppe grasslands, using a

multi-level N addition experiment. Multi-level experi-

ments are a powerful tool in identifying critical thresh-

olds and the shape of response functions for ecosystem

responses to N enrichment and saturation (Bradford

et al., 2012; Kardol et al., 2012). We then used structural

equation modeling (SEM) to gain a mechanistic under-

standing of how soil properties and altered plant

community composition mediate effects of N enrich-

ment on soil microbial community composition and

respiration. Our aims are as follows: (i) to study effects

of N enrichment on the trade-off between inorganic N

and DOC accumulation; (ii) to explore effects of N

enrichment on plant-soil-microbe systems and interac-

tions among these components using a path-relation

network and structural equation models; and (iii) to

integratively study soil resource stoichiometry (i.e.,

DOC and inorganic N correlations) and plant–microbe

interactions to gain a mechanistic understanding of N

addition effects on above-belowground linkages.

Materials and methods

Site description and experimental design

The field experiment was conducted near the Inner Mongolia

Grassland Ecosystem Research Station (IMGERS), which is

located in the Xilin River, Inner Mongolia Autonomous

Region of China (116°42′E, 43°38′N). The mean annual precipi-

tation of the site is approximately 350 mm; most precipitation

falls from June to August. The mean annual air temperature is

�0.4 °C, with the mean monthly temperature ranging from

�23.0 °C in January to 17.9 °C in July. The growing season is

approximately 150 days. The soil is classified as dark chestnut

(Calcic Chernozem According to ISSS Working Group RB,

1998). Vegetation is dominated by the perennial rhizomatous

grass Leymus chinensis and the perennial bunchgrass Stipa

grandis.

The N addition experiment was conducted in a grassland

that has been fenced since 1999 to prevent grazing by large

vertebrate herbivores. Forty-two 8 9 8 m plots were laid out

in a randomized block design in 2006. Plots were separated by

1 m walkways. The experiment had seven treatments with six

replicates each, including N addition at 0, 0.4, 0.8, 1.6, 2.8, and

4.0 mol N m�2 yr�1 (added as urea), and a control treatment.

Hereafter, treatments will be denoted as: Control, N0, N0.4,

N0.8, N1.6, N2.8, and N4.0. Each plot, except for Control,

received 0.05 mol P m�2 (as KH2PO4) to ensure that N was

the only limiting nutrient. The fertilizer was thoroughly mixed

with sand and then applied to the plots in May every year

since 2006 (see also Yu et al., 2010; Wei et al., 2012).

Plant biomass

The aboveground vegetation was sampled in mid-August by

clipping all plants at the soil surface using a 0.5 9 1.0 m

quadrat randomly placed in each plot with the restriction of

no spatial overlap of quadrats among years and only data in

2009 were used in the data analyses. All living vascular plants

were sorted to species, and all plant materials, including litter

and standing dead biomass, were oven-dried at 65 °C for 48 h

and weighted. We used the dry mass of all living plants per

quadrat averaged over the six replicates for each treatment to

estimate aboveground biomass production. We classified the

plants into four functional groups (PFGs) based on life form
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(as in Bai et al., 2004), including perennial rhizome grasses

(PR), perennial bunchgrasses (PB), perennial forbs (PF), and

shrubs, and semishrubs (SS). After the aboveground biomass

harvest, in each plot, two soil cores with a diameter of 6.5 cm

at 0–15 cm depth were sampled to determine root biomass.

Root samples were placed in a cooler and transported to the

laboratory. In the laboratory, root samples were soaked in de-

ionized water and cleaned from soil residuals over a 0.5 mm

sieve.

Soil properties

Soil samples (3 cm diameter) were collected from each plot

after the plant biomass harvest in 2009. Each sample com-

prised five soil cores at a depth of 0–15 cm. The samples were

placed in individual plastic bags and then immediately stored

at 4 °C. Soil moisture (SM) was determined as mass loss after

drying the soil at 105 °C for 24 h. The soil pH was determined

with a glass electrode in a 1 : 2.5 soil : water solution (w/v).

Nitrate-N (NO3
�-N) and ammonium-N (NH4

+-N) was

extracted with 2 M KCl. NH4
+ was measured with the salicy-

late method, while NO3
� was measured using the cadmium

reduction method on a FIAstar 5000 Analyzer (FIAstar 5000

Analyzer; Foss Tecator, Hillerød, Denmark). Dissolved

organic carbon (DOC) was extracted by adding 50 ml of 0.5 M

potassium sulfate (K2SO4) to subsamples of 12.5 g homoge-

nized soil, and by agitating it on an orbital shaker at 120 rpm

for 1 h. The filtrate was analyzed using a TOC analyzer (High

TOC, Elementar).

Microbial abundance, respiration, and community
composition

Soil microbial biomass carbon (MBC) was estimated by using

a chloroform fumigation extraction method (Brookes et al.,

1985). Microbial respiration was measured as CO2 evolution

of fresh soil samples at 60% of water-holding capacity and

incubated in sealed containers for 24 h at 25 °C. The CO2

efflux from the soil was determined by NaOH absorption

followed by titration of the residual OH- with 0.1 M HCl

(Page, 1982). Phospholipid fatty acid (PLFA) analysis was

used to evaluate microbial community composition. PLFA

was extracted from soil samples and then fractionated and

quantified following protocols described by Bossio et al.

(1998). The extracted fatty acid methyl esters were identified

using a MIDI peak identification system (Microbial ID. Inc.,

Newark, DE, USA). Peak areas were converted to nmol lipid g

dry soil�1 using internal standards (19:0 nonadecanoic methyl

ester). The total nmol lipid g dry soil�1 (sum of all lipids with

20 or less carbons) was used as an index of microbial biomass

(Frosteg�ard & B�a�ath, 1996; Gutknecht et al., 2012). Individual

lipids were used as biomarkers to indicate broad groups

within the microbial community: 16:1x 5c for arbuscular

mycorrhizal fungi (AMF; Balser et al., 2005); 18:2x 6,9c for

general fungi excluding AMF (GF; Balser et al., 2005). The

ratio of fungal lipids (average 16:1x c5, 18:1x 9c, and 18:2x
6,9c) to bacterial lipids (average 15:0 iso, 15:0 anteiso, 16:0

2OH, 16:0 iso, 16:1x 7c, 16:0 10 methyl, 17:0 iso, 17:0 anteiso,

17:0 cyclo, 18:1x 5c, and 18:1x 7c) was used to indicate the

fungal to bacterial ratio (Frosteg�ard & B�a�ath, 1996).

Statistical analyses

Analysis of variance (ANOVA) followed by Duncan’s post hoc

tests was used to test the effects of N addition on total plant and

functional group biomass, plant species richness, abiotic soil

properties, and microbial parameters. Polynomial and expo-

nential decay regressions were used to test relationships of

inorganic N and MBC with DOC. Results from the best-fitting

regressionmodels are presented.

SEM is based on a simultaneous solution procedure, where

the residual effects of predictors are estimated (partial regres-

sions) once common causes from intercorrelations have been

statistically controlled for (Grace, 2006). Prior to the SEM pro-

cedure we reduced the number of variables for plant and

microbial community composition through Principal Compo-

nent Analysis (PCA) (Veen et al., 2010). Plant functional group

biomass and microbial (bacterial, AMF, and fungal) PLFAs

were used as raw data for the PCAs. The first principal com-

ponents (PC1) were used in the subsequent SEM analysis to

represent microbial community composition (PC1 explained

94.5% of the variation, Fig S1), and plant community composi-

tion (PC1 explained 87.5% of the variation, Fig S2). We started

the SEM procedure with the specification of a conceptual

model of hypothetical relationships, based on a priori and

theoretical knowledge (Fig. S3). We assumed that N addition

alters soil abiotic properties and plant community composi-

tion and species richness, which in turn affect microbial com-

munity composition and respiration. In the SEM analysis, we

compared the model-implied variance–covariance matrix

against the observed variance–covariance matrix. Data were

fitted to the models using the maximum likelihood estimation

method. Adequacy of the models was determined using v2

tests, Akaike Information Criteria (AIC), and root square mean

errors of approximation (RMSEA) (Wei et al., 2012; Jassey

et al., 2013). Adequate model fits are indicated by a nonsignifi-

cant v2 test (P > 0.05), low AIC, and low RMSEA (<0.05)
(Grace, 2006). We improved the adequacy of the model by

removing relationships between observed variables in the

prior models based on Modification Indices (Table S3).

All univariate analyses were performed using SPSS 17.0 (SPSS,

Chicago, IL, USA). PCA was performed using CANOCO Ver-

sion 4.5 (Plant Research International, Wageningen, The Neth-

erlands). SEM analyses were performed using AMOS 7.0

(Amos Development, Spring House, Pennsylvania, USA).

Results

Responses of components of the plant-soil-microbe system
to N addition

N addition significantly reduced plant species richness

from 7 at N0 to 4 at N4 plots (F6, 35 = 4.95, P < 0.001;

Table 1). Shoot biomass decreased with increasing lev-

els of N addition, although the trend was not statisti-

cally significant (F6, 35 = 1.338, P = 0.267; Table 1). Root
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biomass did not significantly differ between control

and N addition treatments (F6, 35 = 1.572, P = 0.185;

Table 1). Plant functional groups varied in their

responses to N addition. Biomass of perennial bunch

grasses (PB) increased with low levels of N addition,

but decreased at high levels of N addition, with a

threshold at 0.4 mol N m�2 yr�1 (F6,35 = 2.314,

P = 0.074; Fig. 1a). In contrast, biomass of PR showed

the exact opposite response (Fig. 1b). Across all treat-

ments, the biomass of PR was negatively correlated

with biomass of PB (Fig. 1c). Perennial forbs, shrubs

and semishrubs did not show significant responses to

N addition (data not shown).

Soil inorganic N concentrations strongly increased

across the N gradient (253% and 469% increase at the

highest N addition rate for NO3
�-N and NH4

+-N,

respectively; both P < 0.01; Table 1). N addition

decreased soil pH gradually from 7.5 in the Control to

5.8 in the N4 treatment (F6, 35 = 101.73, P < 0.01;

Table 1). Dissolved organic carbon (DOC) significantly

Table 1 Plant species richness and biomass, soil abiotic parameters, and soil microbial parameters for Control and N addition

treatments

N addition rate

(mol N m�2 yr�1)

Control N0 N0.4 N0.8 N1.6 N2.8 N4

0 0 0.4 0.8 1.6 2.8 4.0

Plants

Richness 6 � 0.42abc 7 � 0.67a 6 � 0.40ab 5 � 0.17bcd 5 � 0.31bcd 4 � 0.49d 4 � 0.56cd

Shoot biomass 81.07 � 2.57 81.37 � 5.00 74.83 � 10.48 71.77 � 4.52 72.20 � 8.55 63.37 � 8.09 56.37 � 11.44

Root biomass 326.9 � 30.0 498.4 � 135.1 334.3 � 85.9 323.5 � 38.1 411.0 � 44.1 459.9 � 64.8 396.7 � 101.3

Soils

pH 7.48 � 0.04a 7.49 � 0.11a 6.96 � 0.05b 6.70 � 0.05c 6.19 � 0.05d 5.76 � 0.09e 5.76 � 0.10e

NO3
�-N 16.11 � 2.86e 22.44 � 4.03e 17.34 � 1.74cd 28.06 � 4.74abc 37.17 � 6.49ab 34.26 � 3.80ab 40.81 � 7.51a

NH4
+-N 7.45 � 0.69e 7.72 � 0.78e 9.97 � 1.40cd 13.11 � 1.44c 18.51 � 1.74b 22.17 � 2.25b 34.95 � 1.54a

DOC 93.3 � 5.07c 92.8 � 2.99c 92.7 � 3.98c 91.5 � 2.12c 112.1 � 6.03b 121.1 � 6.86ab 132.5 � 7.21a

Microbial community

Respiration 1.86 � 0.26a 1.93 � 0.08a 1.57 � 0.11ab 1.45 � 0.14ab 1.40 � 0.18ab 1.47 � 0.17ab 1.13 � 0.14b

MBC 281.8 � 19.9a 261.2 � 36.8ab 247.7 � 34.5ab 194.0 � 27.4bc 137.3 � 19.6cd 90.19 � 17.4d 91.3 � 16.9d

Total PLFA 43.02 � 1.63a 41.62 � 2.81ab 36.4 � 1.27bc 33.39 � 1.71cd 32.23 � 1.51cde 28.51 � 2.38de 26.90 � 1.54d

Plant biomass (g m�2); NO3
�-N, NH4

+-N concentration (mg kg�1 soil); DOC (mg kg�1 dry soil); Respiration (g CO2-C g�1 h�1 soil),

MBC (mg kg�1 dry soil); PLFA (nmol g�1 soil).

Data are mean � SE (N = 6). Different letters denote significant differences among treatments (P < 0.05).

(a) (c)

(b)

Fig. 1 Aboveground biomass responses of the two dominant plant functional groups to N addition (mean � SE). (a) Perennial bunchg-

rasses (PB), (b) Perennial rhizome grasses (PR), (c) Relationship between the biomass of PR and PB across the N addition treatments

(mean � SE).
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increased with N addition, but only at levels of 1.6 mol

N m�2 yr�1 and higher (F6, 35 = 9.68, P < 0.001;

Table 1).

Microbial respiration decreased with N addition, but

differed significantly from the Control treatment only

at the highest level of addition (F6, 35 = 9.733, P < 0.01;

Table 1). Microbial biomass carbon (MBC) decreased

with N addition at levels of 0.8 mol N m�2 yr�1 and

higher (F6, 35 = 9.931, P < 0.001; Table 1). N addition

decreased total, bacterial, and fungal (both saprophytic,

and arbuscular mycorrhizal) PLFA, as well as the fun-

gal to bacterial ratio (all P < 0.01; Table 1; Fig. 2).

Integrated response of the plant-soil-microbe system to N
addition

The final SEM model adequately fitted the data

describing interaction pathways among plant, soil, and

microbial ecosystem components in response to N

addition (v213 = 13.473, P = 0.412; standardized path

coefficients are given in Fig. 3). The final model

explained 82% of the variation in pH, 86% of the varia-

tion in NH4
+-N concentration, 32% of the variation in

NO3
�-N concentration, 15% and 47% of the variation

in plant community composition and richness, and

57% and 25% of the variation in microbial community

composition and respiration, respectively (Fig. 3). Con-

sistent with the ANOVA results (Table 1), N addition

decreased soil pH and increased soil inorganic N con-

centrations (all P < 0.05; Fig. 3). Soil acidification (i.e.,

lower soil pH) decreased plant species richness

(P < 0.001); interestingly, richness was unaffected by

direct effects of increased N concentrations (Fig. 3). Soil

NH4
+-N concentration altered plant community com-

position, while pH altered microbial community com-

position (P < 0.001). Altered microbial community

composition resulted in a decline of microbial respira-

tion (Fig. 3). The relationships between the remaining

exogenous and endogenous variables were not signifi-

cant, but improved the model fit (Table S1).

Soil resource stoichiometry responses to N enrichment

Across treatments, concentrations of soil inorganic N

(NO3
�-N and NH4

+-N) were significantly and posi-

tively correlated with DOC (Fig. 4a). A significant neg-

ative relationship was found between MBC and DOC

(Fig. 4b).

Discussion

We studied the integrative effects of N addition and

saturation on the plant-soil-microbe system, and eluci-

dated the underlying mechanisms using structural

equation modeling. Consistent with previous studies

(e.g., Sinsabaugh et al., 2004; Liu & Greaver, 2010), N

addition increased both dissolved organic carbon

(DOC) and inorganic N concentrations. However, we

found that soil acidification following N addition,

rather than inorganic N, altered soil microbial commu-

nity composition, decreased soil microbial respiration.

Negative correlations between DOC and MBC suggest

Fig. 2 Phospholipid fatty acid (PLFA) concentrations

(mean � SE) for Control and N additions treatments. Different

letters above bars denote significant differences among treat-

ments (P < 0.05).
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that under conditions of N enrichment, soil microbes

are no longer C-limited. The shift from microbial C lim-

itation to inhibition by soil acidification decoupled C

and N cycling, which eliminated the trade-off between

accumulation of DOC and inorganic N, and as such

weakened the bottom-up control of soil microbes by

plant-derived C.

Resource stoichiometry feedbacks to plant–microbe
interactions

In contrast to the widespread stoichiometric control of

negative DOC-nitrate relationships (Taylor & Town-

send, 2010), we found a positive correlation between

DOC and inorganic N across our N addition gradient.

Microbial-mediated coupling of DOC and nitrate

cycling has been shown to contribute to trade-offs

between C and N accumulation. For example, the onset

of C limitation can drive rapid nitrate accrual, while at

low organic carbon : nitrate ratios, denitrification may

constrain the extent of nitrate accretion, as has been

shown for a variety of ecosystems (Taylor & Townsend,

2010; Weyhenmeyer & Jeppesen, 2010). However, our

results indicate that under conditions of N saturation,

microbial responses in semiarid grasslands are no

longer driven by DOC or inorganic N limitation. Illus-

tratively, the negative correlation between DOC and

MBC we found suggests that under N saturation micro-

bial biomass was not limited by DOC. Hierarchical

structural equation modeling showed that soil acidifi-

cation following N enrichment, rather than DOC and

inorganic N, affected microbial community composi-

tion and respiration. Soil acidification resulting from N

addition is well documented for grasslands, forests,

and other ecosystems (e.g., H€ogberg et al., 2006; Guo

et al., 2010). We did not test the mechanistic effects of

soil acidification on soil microbial communities, but

available calcium and magnesium limitation (Lucas

et al., 2011) as well as aluminum toxicity (Aber et al.,

1998) could have played an important role.

Carbon limitation can shape soil heterotrophic micro-

bial communities (Wardle et al., 2004), and hence,

plants and microbes may be strongly linked via plant-

derived C compounds. Several studies in semiarid

grassland of northern China, as well as in other ecosys-

tems of the world, have documented significant effects

of plant productivity, community composition, and

richness, on microbial community structure and func-

tioning (e.g., Chen et al., 2009; Jiang et al., 2011). How-

ever, we showed how N enrichment can shift microbial

Fig. 3 Structural equation model of N addition effects on the plant-soil-microbe system. Relationships between N addition (exogenous

variable) and soil pH, nitrate and ammonium concentration, microbial community composition and respiration, and aboveground

plant biomass and richness (endogenous variables). The final model fit the data well: v213 = 13.473, P = 0.412, Akaike Information Crite-

ria (AIC) = 77.453, RMSEA = 0.03. Numbers at arrows are standardized path coefficients (equivalent to correlation coefficients). Width

of the arrows indicates the strength of the relationships. Green arrows indicate significant positive relationships and red arrows indi-

cate significant negative relationships (P < 0.05). Black dashed arrows indicate nonsignificant relationships (P > 0.05). Gray dashed

arrows indicate paths removed to improve model fits (see Methods). Percentages close to endogenous variables indicate the variance

explained by the model (R2).
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limitation from plant-derived C to soil acidification,

and as such decoupled the interactions between plants

and soil microbial communities.

Responses of the plant-soil-microbe system to N addition

We found a 42% increase in DOC at the highest levels

of N addition (4 mol N m�2 yr�1). Previous studies

also documented increased DOC concentrations under

N enrichment, which could result from an increase in

aboveground litter input and C content of the organic

layer coupled with decreases in microbial decomposi-

tion, and might increase the pool of ecosystem C avail-

able for leaching (Liu & Greaver, 2010). However, we

did not find significant responses of litter fall and soil

organic matter accumulation across the N gradient in

our experiment (data not shown), suggesting that an

increase in plant litter input is not a likely explanation

for the increase in DOC. Increased N availability may

reduce the need for plants to invest C in nutrient-

absorbing systems, and by that induce a shift in C allo-

cation in favor of above-ground tissue production at

the expense of root production (Treseder, 2008). As

such, increased N availability may have resulted in

decreased root biomass and by that root exudation (Pan

et al. 2011; Currey et al., 2011). We therefore speculate

that a decrease in microbial decomposition and utiliza-

tion of labile C (Marstorp et al., 2000) resulted in an

increase in DOC across the N addition gradient, by that

resulting in a negative correlation between MBC and

DOC (Fig. 4).

We found a strong compensatory shift in abundance

between the two dominant plant functional groups (i.e.,

perennial rhizome grasses and perennial bunchgrasses)

across the N addition gradient. A previous study in the

same area found similar compensatory effects between

these two plant functional groups in responses to fluc-

tuations in precipitation, which resulted in increased

temporal ecosystem stability (Bai et al., 2004). Our

results indicate that N enrichment can also cause com-

pensatory effects between these two plant functional

groups, which to some degree may help maintain eco-

system stability under conditions of N saturation. A

critical threshold or tipping point (0.4 mol N m�2 yr�1)

was found where dominance changed from bunch

grasses to rhizome grasses. Rhizome grasses are gener-

ally better adapted to high N levels (Bai et al., 2010).

Perennial bunch grasses contributed most to the

decrease, probably as a consequence of acidification-

induced aluminum toxicity or magnesium and calcium

limitation (Delhaize & Ryan, 1995; Aber et al., 1998;

Roem et al., 2002; Van Den Berg et al., 2005). Therefore,

when N deposition would reach the threshold values,

as already has been observed in other areas of the

world (Galloway et al., 2008), shifts in plant functional

group composition may significantly alter the structure

of grassland ecosystems (Clark & Tilman, 2008; Bai

et al., 2010). Soil acidification following N addition also

reduced plant species richness in this study, supporting

previous findings that soil acidification is one of the

main mechanisms for species loss under N enrichment

(Roem et al., 2002; Cleland & Harpole, 2010). However,

recent studies in grassland an old-field ecosystems

showed that plant species loss under N enrichment

could be related to light (Hautier et al., 2009) or compe-

tition for resources ‘other than light’ (Dickson & Foster,

2011). Together these findings indicate that the

mechanisms underlying effects of N enrichment on

plant species diversity differ among ecosystems; this

context-dependency needs further study.

Nitrogen addition negatively affected several compo-

nents of the microbial community, including bacterial

and fungal biomass, as well as microbial respiration

rate. Soil pH explained 57% of the variation in the

microbial community composition. Similar to plants, in

acid soils, microbes may become magnesium- or

(a)

(b)

Fig. 4 Relationships between dissolved organic carbon (DOC)

concentration and inorganic N concentrations (a), and between

DOC concentration and microbial biomass C (MBC) (b). Regres-

sion lines in panel a: gray = total inorganic N, solid

black = NO3
�-N, dotted black = NH4

+-N.
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calcium-limited or experience aluminum toxicity (Vito-

usek et al., 1997). The decreased fungal to bacterial ratio

observed under N additions is somewhat surprising.

Several previous studies have shown that soil acidifi-

cation, as we observed in our N addition experiment

favors fungi over bacteria (e.g., H€ogberg et al., 2007;

Rousk et al., 2009); fungi are generally better adapted to

low soil pH than bacteria (Alexander, 1980). However,

the fungal to bacterial ratio does not always respond

predictably to soil acidification. For example, B�a�ath &

Anderson (2003) showed an increase in the ratio

between fungal PLFA and bacterial PLFA with increas-

ing soil pH. Also, when plants invest fewer resources

in acquiring nutrients under N enrichment, they likely

reduce their dependence on AMF for nutrient acquisi-

tion (Aerts & Chapin, 2000; McDowell et al., 2002). The

drastic decline in AMF PLFA under N additions

observed in our study may constitute a major driver

that led to the decreases in fungal biomass under N

additions. In contrast, under high levels of N addition,

bacteria may be affected by soil DOC or shifts in soil

quality rather than by plant root production (Aber

et al., 1998). A recent meta-analysis by Treseder (2008)

revealed that bacterial biomass generally does not

respond to low levels of N addition. Moreover, other

factors, such as shifts in litter quality, may also contrib-

ute to bacterial and fungal responses to N enrichment

(e.g., H€ogberg et al., 2003). Together, these findings

highlight the need for further exploration of differential

microbial responses to N inputs in grasslands.

Ecosystem implications of nitrogen saturation

Biological responses to N deposition are nonlinear, and

N saturation marks a critical threshold point at which

ecosystem functions may shift in unpredicted ways. N

saturation occurs when supplies of ammonium and

nitrate are in excess of the total combined plant and

microbial demand. Hence, N saturation alleviates N

limitation of plant productivity and microbial activity,

with important consequences for the biogeochemical

dynamics of ecosystems (e.g., Aber et al., 1998). Multi-

level experiments are necessary to reveal such nonlin-

ear responses of ecosystem dynamics to global changes,

and to identify potential threshold levels (Kardol et al.,

2012). We showed that microbial biomass was signifi-

cantly reduced beyond the rate of 0.8 mol N m�2 yr�1,

while the two dominant plant functional groups

showed a divergent response to N addition at a critical

threshold of 0.4 mol N m�2 yr�1. Soil pH also changed

significantly at N addition rates of 0.4 mol m�2 yr�1 or

more. These findings suggest that the N saturation

levels may be different for plants and soil microbes.

Differential N saturation levels for different ecosystem

components may contribute to the decoupling of plant-

soil-microbe interactions under N enrichment.

Interestingly, the N saturation thresholds for plant

functional groups, soil microbes, and soil pH for our

grassland ecosystem were all lower than the 10.5 g

N m�2 yr�1 saturation level for plant productivity

found by Bai et al. (2010), but much higher than the

documented critical thresholds for European and

American forests (from 0.3–0.8 to 1.9 g N m�2 yr�1)

(Reynolds et al., 1998; Fenn et al., 2010). High N satura-

tion levels as observed in this study could indicate that

N limitation is more prominent in semiarid grassland

than in temperate forests. However, care should be

taken when comparing N saturation levels across eco-

systems. N availability for plant and microbes may not

be a linear function of N addition rate (Wei et al., 2012),

and may vary with climate. In arid ecosystems, such as

Inner Mongolian grasslands, with hot and dry condi-

tions during the growing season, part of the added

urea-N may be lost to the air. Volatilization loss from

fertilizer application is favored by high soil tempera-

ture and moist conditions followed by rapid drying

(Bouwman et al., 2002). The actual N saturation levels

might therefore be somewhat lower than what we

showed in this study.

In conclusion, the current N deposition rate in Inner

Mongolia is still relatively low (0.4–6 g N m�2 yr�1;

Liu et al., 2011) compared to the saturation levels we

found. However, a drastic increase in N deposition

resulting from anthropogenic disturbances (e.g., N fer-

tilization, coal mining) is predicted for the near future

(He et al., 2007; Galloway et al., 2008; Liu et al., 2011).

Given the relatively low threshold values for plants

and soil microbes, effects of N saturation on the plant-

soil-microbe system are therefore important to be

considered in further developing terrestrial models for

global change studies, especially given the important

consequences for resource stoichiometry.

Acknowledgements

We are grateful to the Inner Mongolia Grassland Ecosystem
Research Station (IMGERS) for providing the experimental sites
and elemental analyses. This work was supported by the
National Natural Science Foundation of China (30830026,
31270476), and the Key Program of the Chinese Academy of
Sciences Project (KZCX2-YW-T06, KZCX2-YWBR-20). We thank
Nianpeng He, Haiyang Zhang, and Jianjun Chen for field assis-
tance, and two anonymous reviewers for constructive com-
ments on an earlier version of this manuscript. The authors
have declared no conflict of interest.

References

Aber J, Mcdowell W, Nadelhoffer K et al. (1998) Nitrogen saturation in temperate

forest ecosystems. BioScience, 48, 921–934.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3688–3697

PLANT-SOIL-MICROBE RESPONSES TO N ADDITION 3695



Aerts R, Chapin F III (2000) The mineral nutrition of wild plants revisited: a re-evalu-

ation of processes and patterns. Advances in Ecological Research, 30, 1–67.

Alexander M (1980) Effects of acidity on microorganisms and microbial processes in

soil. In: Effects of Acid Precipitation of Terrestrial Ecosystems (eds Hutchinson TC,

Havas M), pp. 363–374. Plenum Publishing Corp., New York.

B�a�ath E, Anderson TH (2003) Comparison of soil fungal/bacterial ratios in a pH gra-

dient using physiological and PLFA-based techniques. Soil Biology & Biochemistry,

35, 955–963.

Bai YF, Han XG, Wu JG, Chen ZZ, Li HL (2004) Ecosystem stability and compensa-

tory effects in the Inner Mongolia grassland. Nature, 431, 181–184.

Bai YF, Wu JG, Clark CM et al. (2010) Tradeoffs and thresholds in the effects of nitro-

gen addition on biodiversity and ecosystem functioning: evidence from inner

Mongolia Grasslands. Global Change Biology, 16, 358–372.

Balser T, Treseder K, Ekenler M (2005) Using lipid analysis and hyphal length to

quantify AM and saprotrophic fungal abundance along a soil chronosequence. Soil

Biology and Biochemistry, 37, 601–604.

Bobbink R, Hicks K, Galloway J et al. (2010) Global assessment of nitrogen depo-

sition effects on terrestrial plant diversity: a synthesis. Ecological. Applications,

20, 30–59.

Bossio D, Scow K, Gunapala N, Graham K (1998) Determinants of soil microbial com-

munities: effects of agricultural management, season, and soil type on phospho-

lipid fatty acid profiles. Microbial Ecology, 36, 1–12.

Bouwman AF, Boumans LJM, Batjes NK (2002) Estimation of global NH3 volatiliza-

tion loss from synthetic fertilizers and animal manure applied to arable lands and

grasslands. Global Biogeochemical Cycles, 16, 8–14.

Bradford MA, Wood SA, Maestre FT, Reynolds JF, Warren RJ (2012) Contingency in

ecosystem but not plant community response to multiple global change factors.

New Phytologist, 196, 462–471.

Brookes P, Landman A, Pruden G, Jenkinson D (1985) Chloroform fumigation and

the release of soil nitrogen: a rapid direct extraction method to measure microbial

biomass nitrogen in soil. Soil Biology Biochemistry, 17, 837–842.

Chen SP, Lin GH, Huang JH, Jenerette GD (2009) Dependence of carbon sequestration

on the differential responses of ecosystem photosynthesis and respiration to rain

pulses in a semiarid steppe. Global Change Biology, 15, 2450–2461.

Clark CM, Tilman D (2008) Loss of plant species after chronic low-level nitrogen

deposition to prairie grasslands. Nature, 451, 712–715.

Cleland EE, Harpole WS (2010) Nitrogen Enrichment and Plant Communities. 5 Year in

Ecology and Conservation Biology. Blackwell Publishing, Oxford.

Currey PM, Johnson D, Dawson LA et al. (2011) Five years of simulated atmospheric

nitrogen deposition have only subtle effects on the fate of newly synthesized car-

bon in Calluna vulgaris and Eriophorum vaginatum. Soil Biology and Biochemistry,

43, 495–502.

Delhaize E, Ryan PR (1995) Aluminum toxicity and tolerance in plants. Plant Physiol-

ogy, 107, 315–321.

Dickson TL, Foster BL (2011) Fertilization decreases plant biodiversity even when

light is not limiting. Ecology Letters, 14, 380–388.

Fenn ME, Allen EB, Weiss SB et al. (2010) Nitrogen critical loads and management

alternatives for N-impacted ecosystems in California. Journal of Environmental

Management, 91, 2404–2423.

Frosteg�ard A, B�a�ath E (1996) The use of fatty acid analysis to estimate bacterial and

fungal biomass in soil. Biology and Fertility of Soils, 22, 59–65.

Galloway JN, Townsend AR, Erisman JW et al. (2008) Transformation of the nitrogen

cycle: recent trends, questions, and potential solutions. Science, 320, 889–892.

Grace JB (2006) Structural Equation Modeling and Natural Systems. Cambridge Univer-

sity Press, Cambridge, UK, New York.

Guo JH, Liu XJ, Zhang Y et al. (2010) Significant acidification in major Chinese crop-

lands. Science, 327, 1008–1010.

Gutknecht JL, Field CB, Balser TC (2012) Microbial communities and their responses

to simulated global change fluctuate greatly over multiple years. Global Change

Biology, 18, 2256–2269.

Hautier Y, Niklaus PA, Hector A (2009) Competition for light causes plant biodiver-

sity loss after eutrophication. Science, 324, 636–638.

He CE, Liu XJ, Fangmeier A, Zhang FS (2007) Quantifying the total airborne nitrogen

input into agroecosystems in the North China Plain. Agriculture, Ecosystems &

Environment, 121, 395–400.

Heffernan JB, Fisher SG (2012) Plant–microbe interactions and nitrogen dynamics

during wetland establishment in a desert stream. Biogeochemistry, 107, 379–391.

H€ogberg MN, B�a�ath E, Nordgren A, Arnebrant K, Högberg P (2003) Contrasting
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