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A B S T R A C T

China is becoming the world's third largest area of nitrogen (N) deposition, which is attracting increasing at-
tention. Understanding how N affects soil microbial communities and determining the thresholds for the effect of
N on microorganisms and ecosystems are critical. We investigated the changes to the characteristics of microbial
communities after two years of adding N to soil with the perennial grass Bothriochloa ischaemum, simulating N
deposition on the Loess Plateau, at four rates of N addition (0 (CK), 2.5 (N1), 5.0 (N2), and 10.0 (N3)
g N m−2 y−1) and a control BL (bare land without vegetation or N addition). Soil microbial biomass carbon (C)
and N contents and microbial activity increased in N1. The lowest rate of N addition (N1) increased soil total,
bacterial, fungal, and actinomycetic phospholipid fatty acid (PLFA) contents, but excessive N addition decreased
bacterial and actinomycetic PLFA contents. N addition did not alter microbial-community structure. The effect of
N addition on soil microbial properties was influenced by soil C content (SOC and DOC), increased the diversity
and evenness of the microbial community and decreased the diversity of the bacterial community. Soil microbial
biomass and activity increased in N1, which was beneficial to the stability of the soil ecosystem on the plateau
and defined the threshold of N addition for microorganisms and the ecosystem. More attention should thus be
paid to depositional level represented by N2 (5 g N m−2 y−1), which might limit microbial communities. The
microbial community was inhibited, the diversity decreased, and the ecological system was affected by the level
represented over N2.

1. Introduction

Nitrogen (N) is an important limiting element in most terrestrial
ecosystems, and increased N contents can increase food production,
plant diversity and plant coverage in degraded areas and improve the
function of ecosystems (Isbell et al., 2013). The burning of fossil fuels,
the production and use of chemical fertilizers, and the influence of
human activities and animal husbandry are increasing atmospheric N
deposition (Holland et al., 1999). And soil N content is close to or even
beyond the threshold of ecosystems in some areas, which is causing
various serious ecological environmental problems such as a decrease in
plant diversity (Clark and Tilman, 2008; Stevens et al., 2004) and soil
acidification caused by changes to the physical and chemical environ-
ment (Phoenix et al., 2012). These issues have drawn the widespread
attention of the scientific community and are being actively studied for
their contributions to global climate change.

The response of microbial communities to N in terrestrial

ecosystems is mainly influenced by the duration and content of N inputs
and is weakly affected by N type and mode of application (Treseder,
2008). Changes to a microbial community can be obvious within the
first five years of N addition (Treseder, 2008), and long-term N addition
can reduce microbial biomass, inhibit respiration, and decrease mi-
crobial diversity (Janssens et al., 2010; Liu and Greaver, 2010; Zhong
et al., 2015). The results of experimental short-term N addition, how-
ever, have not been inconsistent. Zhang et al. (2005) indicated that
short-term N addition significantly increased grassland microbial bio-
mass in the dry, hot valleys along the Jinsha River in China, and some
studies have shown that short-term N addition can significantly in-
crease soil respiration (Zong et al., 2013). A study in New Zealand in-
dicated that N addition decreased microbial biomass (Sarathchandra
et al., 2001), and Ramirez et al. (2012) reported that microbial biomass
and respiration intensity decreased in a short-term N-addition incuba-
tion experiment. Johnson et al. (2005) reported that N addition did not
change microbial biomass in Scotland. The response of microorganisms
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to N deposition in a region thus likely depends on soil N content and the
rate and duration of N deposition. N content is relatively low in some
areas, and an appropriate amount of N addition can mitigate N lim-
itation in an ecosystem, increase the activity of microorganisms (Yao
et al., 2014), and change community structure (Bai et al., 2010). N
input beyond saturation will inhibit soil microorganisms. Analyzing the
effect of N addition on microbial characteristics and understanding the
threshold of the effect of N addition on microbial communities in ter-
restrial ecosystems are therefore very important.

Thresholds are critical values beyond which ecosystemic functions
will change. When the contents of N deposition exceed the tolerance of
a system, the function of the system will change in an unpredictable
manner (Wei et al., 2013). The threshold of N addition that different
ecosystems can sustain in different regions is not consistent. A farmland
ecosystem had a threshold of 180 kg ha−1 y−1 (Zhong et al., 2015), a
grassland in Inner Mongolia had a threshold of 56 kg ha−1 y−1 (Wei
et al., 2013), and a forest in the USA had a threshold of 19 kg ha−1 y−1

(Fenn et al., 2010). The N-saturation concentrations that plants, soil
microbes, and soil physical and chemical properties can endure are also
inconsistent, even within the same ecosystem. For example, Wei et al.
(2013) found that N-deposition rates> 112 kg ha−1 y−1 significantly
decreased microbial biomass, while the two main functional commu-
nities of plant have inconsistent threshold (56 kg ha−1 y−1 for per-
ennial bunch grass; no specific threshold for perennial rhizome grasses),
and soil pH significantly changed at 56 kg ha−1 y−1. Understanding
the thresholds of different components in the ecosystem of the hilly-
gully region of the Loess Plateau in China is extremely important, so
comprehensively determining the threshold of N deposition for regional
environmental protection and for developing policies and regulations
that inhibit N deposition is necessary.

The impact of N on microorganisms can be divided into direct and
indirect effects by soils and plants. The effects of N on microorganisms
are likely associated with the supply of plant carbon (C) and pro-
ductivity even though the forms of N added to the soil may differ
(Mooshammer et al., 2014) and are also likely associated with the
production and efficiency of enzymes that decompose organic matter. N
can also decrease soil pH and thus has an indirect influence on soil
microbial communities (Mooshammer et al., 2014; Vitousek et al.,
1997) by inhibiting bacterial diversity (Zhang and Han, 2012), and
directly lower the C:N ratio that can increase the relative abundance of
fungi, and significantly decrease the bacteria: fungi ratio (Yevdokimov
et al., 2008), thus changing the structure of microbial communities.

Soil erosion is a serious problem on the Loess Plateau, which is a
typical ecologically fragile area in the country. Low effective N contents
in the soil and serious soil and water losses make this area the most
representative grassland ecosystem affected by N deposition. The
amount of N deposition has recently increased dramatically, so con-
ducting experiments to analyze the impact of N addition on microbial
characteristics and to determine the N threshold for the ecosystem is
particularly urgent. We therefore used an area of the plateau with na-
tive vegetation (Bothriochloa ischaemum (L.) Keng, a perennial grass) as
experimental materials, testing various levels of N addition to simulate
N deposition. Our aim was to determine the effect of short-term N ad-
dition on soil microbial activity and community structure, identify the
N threshold and mechanism of N deposition on typical grassland soil
microorganisms, and estimate the threshold for the ecosystem.

2. Material and methods

2.1. Site description

The experiment was conducted at the State Key Laboratory of Soil
Erosion and Dryland Farming on the Loess Plateau in Yangling
(34°27′N, 108°7′E; 530 m a.s.l.). This region is characterized by a
temperate continental monsoon climate with a mean annual tempera-
ture of 13.2 °C and a mean annual precipitation of 674.3 mm.

Homemade soil bins with a slope of 15° were used to simulate the
natural slope where natural B. ischaemum communities live. The bins
were 2.0 m long, 1.0 m wide, and 0.5 m deep. Seeds of B. ischaemum
were acquired in autumn 2012 from the experimental fields at the Ansai
Research Station (ARS) of the Chinese Academy of Sciences
(36°51′30″N, 109°19′23″E; 1068–1309 m a.s.l.). The loessial soil used
in our experiment was obtained from the upper 20 cm of an arable field
at ARS. The soil had a bulk density of 1.2 g cm−3, organic-matter
content of 1.3 g kg−1, and total N (TN) and phosphorus (TP) contents
of 0.19 and 0.27 g kg−1, respectively. Soil was added to the bins in 10-
cm layers to a depth of 40 cm, with a bulk density of about 1.2 g m−3.
The soil was well watered before sowing to ensure seedling establish-
ment. The seeds were sown at a density of 10 × 10 cm. Excess grass
plants and weeds were manually removed during the experiment to
restrict plants of the same size to one per hole.

2.2. Experimental design

The experiment had four levels of N addition, based on the global N
sedimentation levels (Bobbink et al., 2010) and the amounts of N ad-
dition in experiments in China and other countries, and five treatments:
bare land (BL) with no vegetation or N addition, CK (0 g N m−2 y−1)
with vegetation but no N addition, N1 with vegetation and
2.5 g N m−2 y−1, N2 with vegetation and 5 g N m−2 y−1, and N3 with
vegetation and 10 g N m−2 y−1. Three replicates of the five treatments
received additional N in the form of urea (CO(NH2)2). The experiment
ran for two years. The seed were sown in June 2013. N was applied in
August 2013 (the amount of N for one year) and in May, June, July, and
August in 2014 as a solution of urea in 1 l of deionized water
(equivalent to the amount of N in a year divided into four applications;
CK and BL received the same volume of water).

2.3. Soil sampling and analysis

Soil was sampled in September 2014. Soil cores (20 × 20 cm
quadrat) were collected to a depth of 20 cm from six randomly selected
locations in each bin and combined into one composite sample. This
sample was sieved through a 2-mmmesh after the stones and roots were
manually removed. The sieved samples were divided into two sub-
samples. One subsample was air-dried and then divided into two parts.
One part was sieved through a 0.25-mm mesh for the determination of
soil total organic C (SOC), TN, TP, nitrate N, and ammonium N con-
tents, and the other part was sieved through a 1-mm mesh for the de-
termination of pH and available P (aP) content. The other subsample
was also further divided into two parts. One part was stored at 4 °C for
measuring soil microbial biomass C (SMBC), soil microbial biomass N
(SMBN), basal respiration (BR), and soil-induced respiration (SIR). The
other part was stored at −80 °C for the determination of phospholipid
fatty acid (PLFA) contents.

The chemical and physical properties of the soil were determined
using standard procedures. SOC was measured with the H2SO4-K2Cr2O7

method. TN was measured using the Kjeldahl method (Bremner and
Mulvaney, 1982). Soil TP was determined colorimetrically after diges-
tion with H2SO4 and HClO4 (Schade et al., 2003). Soil NH4

+-N and
NO3

−-N in filtered 2.0 mol l−1 extracts of fresh soil sample were
measured with a flow injection autoanalyzer. Soil pH was determined in
1:2.5 (w:v) solutions. Soil aP was measured by molybdenum‑antimony
colorimetry with Na(HCO3)2 extracts. Dissolved nutrients were ex-
tracted with deionized water after shaking 1 h and then filtering
through prewashed cellulose acetate filters (0.45 μm pore size). TDN
(total dissolved N), DOC, N-NH4

+, N-NO3
− were measured. The DOC

concentrations were determined using TOC analyzer (liqui TOC II,
elementar, Germany). The TDN concentrations were determined using
alkaline digestion-UV spectrophotometric method. Dissolved organic
nitrogen (DON) was calculated as TDN- (NH4

++NO3
−). Table 1 shows

the basic physical and chemical properties of the soil, And C:N is the
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ratio of SOC: TN of the soil. Soil microbial biomass was measured by
chloroform fumigation, SMBC was determined using a liqui TOC ana-
lyzer, and SMBN was determined by ultraviolet spectrophotometric
colorimetry.

Basal respiration (BR) and the induced respiration (SIR) were
measured by an infrared gas analyzer by a method adapted from Hueso
et al. (2011). The structures of the soil microbial communities were
determined using a modified Blight-Dyer microbial PLFA method
(Frostegard et al., 1993). Briefly, fatty acids were extracted from 3.0 g
of lyophilized soil by a solution containing citrate buffer, chloroform,
and methanol. The PLFAs were separated from neutral and glycolipid
fatty acids by solid-phase-extraction chromatography. After mild alka-
line methanolysis, the PLFAs were analyzed using a gas chromatograph
(GC7890A, Agilent Technologies) equipped with MIDI Sherlock soft-
ware (Microbial ID, Inc., Newark, USA). An external standard of 19:0
methyl ester was used for quantification, and the amounts were ex-
pressed as nmol g−1 for dry soil.

Specific PLFA signatures can serve as indicators of specific microbial
groups: iso- and anteiso-branched fatty acids for Gram-positive bacteria
(Zelles, 1999) and monounsaturated fatty acids for Gram-negative
bacteria (Zelles, 1999). 12:1 w4c, 13:0 iso, 14:1 w5c, 15:1 iso w9c, 15:0
iso, 15:0 anteiso, 16:0 iso, 16:1 w7c, 17:1 iso w9c, 17:0 anteiso, 17:0
iso, 17:1 w8c, 17:0 cyclo w7c, 17:1 w5c, 18:1 w9c, 18:1 w7c,
19:anteiso, 20:1 w9c, 22:0 iso, 22:1 w9c, 22:1w6c, and 22:1w3c were
used as indicators of bacteria. The lipid 18:2w6c indicated fungal
PLFAs, and 10-methyl fatty acids indicated actinomycetic PLFAs
(Zelles, 1999). The fungal:bacterial PLFA ratio was used as an index of
the fungal:bacterial biomass ratio. Total PLFAs were obtained by
summing the contents of all fatty acids detected in each sample.

2.4. Calculations and statistical analyses

Induced respiration (qCO2), also known as metabolic quotient, re-
lates mineralized C with microbial biomass, reflecting the effect of
environmental factors and management measure on microbial C pool
(Powslon, 1976):

=qCO BR:SMBC2

Microbial N-use efficiency (NUE) describes the partitioning of or-
ganic N taken up between growth and the release of inorganic N to the
environment (that is, N mineralization). C-use efficiency (CUE) is the
efficiency of conversion of organic matter to microbial biomass. The
microbial-community CUE:NUE ratios were calculated as
(Mooshammer et al., 2014):

= B RCUE: NUE : .C:N C:N

where BC:N is the C:N ratio of the microbial biomass and RC:N is the C:N
ratio of the soil.

All data were analyzed by one-way ANOVAs. Duncan's test at a
probability level of P < 0.05 was used to perform multiple compar-
isons. All statistical analyses were performed using SPSS 20.0.
Differences were considered statistical significantly at P < 0.05. A
redundancy analysis (RDA) and principal component analysis (PCA)
were conducted using R software to analyze the response of microbial-
community composition to the soil characteristics during N addition.
Microbial-community compositions (PLFAs) were used as species data,
and soil factors were used as environmental variables.

The diversities of the fatty acids were calculated using the Shannon
richness index H:

∑= −
=

H Pi Piln ,
i 1

n

where Pi is the relative abundance of each fatty acid in the total PLFAs
and n is the number of fatty acids detected. The equitability of the fatty
acids was calculated with the Shannon evenness index E:
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where S is the total number of fatty acids tested in the community
(Shannon, 1948). Pearson correlation analysis was used to inspect the
relationship between the environmental factors and the diversity in-
dices.

3. Results

3.1. Soil microbial biomass and soil respiration

The average soil microbial biomasses and soil respiration for all
treatments are summarized in Table 2. SMBC and SMBN were highest at
the lowest level of N addition (N1) with the maximum value, but de-
creased at the higher levels. SMBC and SMBN were significantly higher
in N1 than CK. SMBC was significantly lower in N3 than CK, and SMBN
was similar in N3 and CK. SMBC and SMBN were significantly higher in
the N-addition treatments than in BL.

The rate of BR first increased and then decreased as the amount of
added N increased and was highest in N2. BR was significantly higher in
N2 than in the low-N treatments (CK and N1) and did not differ sig-
nificantly between N2 and N3. BR was significantly higher in the N-
addition treatments than in BL. The range of SIR was not large. SIR was
significantly higher in N1 and N2 than N3, and the rest of the treat-
ments had not reached significant level. qCO2 did not differ sig-
nificantly between BL, CK, and N1 but was significantly lower in those
treatments than in N2 and N3. CUE:NUE tended to decrease before
increasing as the amount of added N increased (Table 2) and was
highest in N2. CUE:NUE did not differ significantly between N1 and but
was significantly lower in those treatments than in BL, CK, and N3.

3.2. Microbial-community structure and diversity index

Total PLFAs increased with N addition, differing significantly from
BL. Total PLFAs increased at the lowest level of N addition (N1) but
decreased at the higher levels (N2 and N3) and was highest in N1. Total
PLFA content was significantly higher in N1 than CK, N2, and N3
(Fig. 1A). The change of bacterial, fungal, actinomycetic PLFAs had
patterns similar to that of total PLFAs, increasing at a low level of N
addition and decreasing at higher levels. Bacterial and actinomycetic
PLFAs were highest in N1 and differed significantly from those in the
other treatments. Fungal PLFA also peaked in N1 but did not differ
significantly from CK and N2, and was significantly lower in N3 than
N1 and N2 (Fig. 1B, C, D). The bacterial, fungal, and actinomycetic
PLFAs were generally significantly higher in CK, N1, and N2 than in BL.
Bacterial and fungal PLFAs did not differ significantly between N3 and
BL, and actinomycetic PLFA was significantly lower in N3 than BL.
Fungal:bacterial PLFAs did not differ significantly among the N-addi-
tion treatments and tended to be lower in BL, but the difference was not
significant (Fig. 1E).

Microbial-community HPLFA differed significantly among the N-ad-
dition treatments, but N addition did not have a significant impact on
microbial-community EPLFA (Table 3). Microbial-community HPLFA was
highest in CK and N1 and decreased at the higher levels of N addition,
with the lowest value in N3. Microbial-community HPLFA in BL did not
differ significantly from that in the other treatments. The changes in

bacterial-community HPLFA as the amount of added N increased had a
similar pattern as the bacterial-community EPLFA, increasing with a
maximum in N3.

Microbial-community HPLFA was significantly positively correlated
with SOC and C:N (Table 4). Microbial-community EPLFA was sig-
nificantly positively correlated with SOC. Bacterial-community HPLFA

and EPLFA were significantly correlated negatively with SOC, DOC and
C:N, and positively with TN. Bacterial-community EPLFA was also sig-
nificantly negatively correlated with DOC and C:N.

3.3. Factors driving the structure of the soil microbial communities

The results of a principal component analysis (PCA) of the PLFAs of
the microbial community in the N-addition treatments are shown in
Fig. 2. The first axis of the PCA (PC1) contributed 34.36% of the var-
iation in the PLFA data, PC2 accounted for 23.15% of the variation, and
the cumulative contribution rate was 57.51%. PCs 1 and 2 could dis-
tinguish between the N-addition treatments. N1 and N2 were to the
right of PC1, and CK and N3 were to the left of PC1. The four N-addition
treatments were widely distributed, indicating that N addition changed
the structure of the microbial communities.

The RDA ordination plot (Fig. 3.) shows the relationships between
the environmental factors and microbial communities, including the
soil properties SOC, TN, TP, NH4

+-N, NO3
−-N, pH, aP, and C:N and the

above- and below-ground biomasses of B. ischaemum. The first and
second axes explained 57.33 and 17.75% of the variation, respectively.
SOC and DOC (long arrows) were significantly correlated with the
microbial community and had a positive role in increasing the PLFA
contents and SMBC (P = 0.022 and P = 0.036, respectively). TN was
more strongly correlated with the indices of bacterial diversity.

3.4. Threshold of effect on soil, microbial community, and ecosystem

The selection of SOC, TN, TP, NH4
+-N, NO3

−-N, aP, DOC, DON and
pH as soil factors depended on the PCA conducted, another PCA was
also conducted based on the microbial indices, including BR, SIR,
SMBC, SMBN, bacterial PLFAs, fungal PLFAs, and actinomycetic PLFAs.
The third PCA was conducted on the integration of the soil factors and
microbial indices. The eigenvalues, contribution rates, and cumulative
contribution rates of these PCAs are shown in Table 5. The eigenvalues
of PCs 1, 2 and 3 for each analysis were> 1, and the cumulative
contribution rates of PCs 1, 2 and 3 for soil, microbial community, and
ecosystem were 95.617, 96.290, and 100.00%, respectively, illustrating
that most of the information system could be summarized by retaining
the first two or three factors.

The score matrix and the contribution rate of each PC, score, and
ranking of soil, microbial community, and ecosystem were obtained by
counting the standardized original variables (Table 6). The soil ranking
was N3 > N2 > N1 > CK; the microbial-community ranking was
N1 > N2 > CK > N3; and the ecosystemic ranking was N1 >
N2 > CK > N3, with the pattern of change the same as for the mi-
crobial community.

Table 2
Microbial biomass, respiration strength, and qCO2 of the soils in the treatments.

Treatments SMBC
(mg kg−1)

SMBN
(mg kg−1)

BR
(mg kg−1 h−1)

SIR
(mg kg−1 h−1)

qCO2

(103 h−1)
CUE:NUE

BL 94.22 ± 5.90a 2.23 ± 0.94a 0.30 ± 0.08a 3.22 ± 0.04ab 3.23 ± 0.66a 5.56 ± 0.17b
CK 157.36 ± 14.16c 3.87 ± 0.54b 0.62 ± 0.24b 3.57 ± 0.12ab 3.96 ± 1.46a 5.51 ± 0.51b
N1 206.10 ± 9.11d 5.37 ± 0.33c 0.69 ± 0.08b 3.64 ± 0.25b 3.36 ± 0.49a 5.19 ± 0.17ab
N2 146.85 ± 15.00c 5.02 ± 0.38c 1.00 ± 0.21c 3.52 ± 0.20b 6.80 ± 1.58b 4.43 ± 0.19a
N3 123.25 ± 4.07b 3.78 ± 0.40b 0.87 ± 0.04bc 3.10 ± 0.38a 7.10 ± 0.56b 5.64 ± 0.22b

The results are reported as means ± standard deviations. Different letters in table indicate significantly different at P = 0.05.
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4. Discussion

4.1. Effect of N addition on microbial biomass and activity

SMBC and BR first increased and then decreased in this short-term

N-addition experiment, with SMBC highest in N1 and BR highest in N2.
SMBC and BR were highest at different N-addition levels because BR
represents only active microbial biomass C and SMBC represents both
active and dormant microbial biomass C. The influence of short-term N
addition on microbial biomass and activity were inconsistent. Xue et al.
(2005) found that a certain level of N content would increase the
quantity of soil microorganisms. Yuan et al. (2012) found that a low
level of N addition increased SMBC in a seven-year experiment simu-
lating N deposition, but moderate and high N inputs decreased the
quantity of microorganisms, similar to the results of our study.
Wallenstein et al. (2006) found that N decreased soil microbial biomass,
especially fungal biomass. Tu et al. (2011) found that N contributed
significantly to soil respiration in a short-term simulated N-deposition
experiment. SMBC and SMBN in our study differed between BL and the
treatments containing B. ischaemum, illustrating that root secretion and
C input had a significant effect on SMBC and SMBN (Eilers et al., 2010;
Shen et al., 2010).

This trend of SMBC and SMBN first increasing and then decreasing

Fig. 1. Phospholipid fatty acid (PLFA) contents in the treatments (BL, CK, N1, N2, N3). Error bars are SE (n = 3). Different letters above bars indicate significantly different at P = 0.05.

Table 3
Changes in Shannon richness (HPLFA) and Shannon evenness (EPLFA) in the treatments.

Treatments Microbial-
community
HPLFA

Microbial-
community
EPLFA

Bacterial-
community
HPLFA

Bacterial-
community
EPLFA

BL 2.48 ± 0.13ab 0.82 ± 0.03a 0.64 ± 0.17a 0.26 ± 0.08a
CK 2.62 ± 0.09b 0.86 ± 0.02a 0.63 ± 0.12a 0.27 ± 0.05a
N1 2.62 ± 0.05b 0.84 ± 0.03a 0.64 ± 0.08a 0.27 ± 0.06a
N2 2.35 ± 0.36ab 0.89 ± 0.09a 0.74 ± 0.28a 0.44 ± 0.28a
N3 2.14 ± 0.14a 0.81 ± 0.08a 1.38 ± 0.09b 0.75 ± 0.06b

The results are reported as means ± standard deviations. Different letters in table in-
dicate significantly different at P = 0.05.

Table 4
Correlation coefficients between soil properties and the microbial and bacterial diversity indices.

Treatment TOC TN TP NH4
+-N NO3

−-N pH aP DOC DON C/N

Microbial community
HPLFA

0.574* −0.358 −0.290 −0.413 −0.121 0.476 0.293 0.558 0.082 0.628*

Microbial community
EPLFA

0.531* −0.150 0.293 −0.395 0.380 0.207 −0.187 0.121 0.102 0.375

Bacterial community
HPLFA

−0.522* 0.538* 0.404 0.354 −0.014 −0.437 −0.374 −0.626* 0.048 −0.732**

Bacterial community
EPLFA

−0.490 0.593* 0.440 0.339 −0.040 −0.548* −0.437 −0.600* 0.064 −0.764**

* in table indicate significantly different at P = 0.05. ** in table indicate significantly different at P = 0.01.
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may have been due to the C contents of the soil (He et al., 2010; Xue
et al., 2005). Soil organic C, TN, and TP contents are relatively low on
the Loess Plateau (Liu, 2013). Short-term N addition can alleviate the
limitation of soil N and can also increase belowground biomass and root
secretion, thus increasing microbial biomass C and N. The increase in N
content mitigated the N limitation of the soil. The plants, however,
would decrease the allocation of underground resources by decreasing
root growth and the release of active material (Liu et al., 2014), thereby
inhibiting the growth of microorganisms, so SMBC and SMBN were
lower in N2 and N3 than N1. Decreasing SMBC and increasing BR led to
a lower CUE:NUE in N2 than the other treatments. These results in-
dicated that the ability of the microbial community to mineralize was
stronger in N2, which decreased CUE (Zhong et al., 2015) and which
might be associated with the change in content of available N
(Mooshammer et al., 2014; Zhong et al., 2015). Odum (1985) argued
that microorganisms under environmental stress must divert some of
the energy for maintaining growth and reproduction to compensate for
the extra energy needed to cope with the environmental stress. The
growth of microorganisms was inhibited in our study as the amount of
added N increased. The microorganisms in this soil environment had to
expend extra energy to maintain their normal lives, so qCO2 increased
in N2 and N3.

4.2. Effect of N addition on microbial-community structure and diversity

Total, bacterial, fungal, and actinomycetic PLFAs had the same
patterns of change of SMBC and SMBN. All types of PLFAs firstly in-
creased and then decreased, and contents were highest in N1.
Experiments of the effect of N addition on microbial communities have
produced inconsistent results. Ramirez et al. (2012) found that short-
term N addition mainly increased the quantity of actinomycetes in an
incubation experiment in North America where the contents of soil C
and N were relatively low. Li et al. (2015) found that N addition in a
three-year experiment did not change total PLFAs and had no sig-
nificant effect on fungi but decreased the quantity of bacteria. Nilsson
et al. (2007) also found that N deposition did not have a significant
effect on fungi in an oak forest. Habitats on the Loess Plateau are fra-
gile, and the soil is poor and limited by N (Wang et al., 2004), so the
short-term N addition in our study alleviated the N limitation. Vege-
tation biomass and litter increased, leading to an increase in soil or-
ganic matter, DOC and an increase in PLFAs. N addition may have
lowered the soil pH, which may have inhibited the production of mi-
crobial biomass or changed of the structure of the microbial

Fig. 2. Principal component analysis of PLFA composition in different N-addition treat-
ments (CK, N1, N2, N3). CKs, N1s, N2s and N3s represent N-addition treatments with 3
replicates.

Fig. 3. Redundancy analysis of the soil microbial PLFAs and environmental variables in
N-addition treatments (CK, N1, N2, N3). A. Biomass represents the aboveground biomass
of B. ischaemum. B. Biomass represents the belowground biomass of B. ischaemum. T.PLFA
represents total PLFA. B.PLFA represents bacterial PLFA. F.PLFA represents fungal PLFA.
A.PLFA represents actinomycetic PLFA. M.Shannon represents microbial-community
HPLFA. M.Evenness represents microbial-community EPLFA. B.Shannon represents bac-
terial-community HPLFA. B.Evenness represents bacterial-community EPLFA.

Table 5
Eigenvalue, contribution rate, and cumulative contribution rate.

Component Soil Microbial community Ecosystem

Eigenvalue Contribution rate
(%)

Cumulative
contribution rate
(%)

Eigenvalue Contribution rate
(%)

Cumulative
contribution rate
(%)

Eigenvalue Contribution rate
(%)

Cumulative
contribution rate
(%)

1 6.679 74.208 74.208 5.428 77.538 77.538 10.334 57.413 57.413
2 1.927 21.408 95.617 1.313 18.752 96.290 6.532 36.291 93.703
3 0.394 4.383 100.000 0.260 3.710 100.000 1.133 6.297 100.000

Table 6
Ranking of the principal components of the soil properties and microbial indices.

Treatments Soil Microbial community Ecosystem

Score Ranking Score Ranking Score Ranking

CK −0.85 4 −0.27 3 0.62 3
N1 0.20 3 0.88 1 1.09 1
N2 0.27 2 0.35 2 0.01 2
N3 0.78 1 −0.96 4 −1.72 4
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communities (Smolander et al., 1994).
Fungal: bacterial PLFA did not generally differ significantly among

the N-addition treatments. Microbial-community HPLFA was sig-
nificantly lower in these treatments than CK, but bacterial-community
HPLFA and EPLFA were higher in N3. Microbial-community HPLFA was
significantly lower in N3, due to the decrease in mycorrhizal fungi from
the inhibition of microbial growth and lower plant belowground C al-
location by the high level of N (Zhao et al., 2015). Bacterial-community
HPLFA and EPLFA were negatively correlated with SOC, DOC and C:N,
mainly because the C:N ratio was lower for bacteria than fungi. Ex-
cessive N addition can increase the effectiveness of soil N, leading to a
decrease in C:N ratios, and bacteria are better able to take advantage of
organic matter with low C:N ratios (Zhao et al., 2015) and can thus
adapt better to soil environments with lower C:N ratios. Frey et al.
(2004) found that long-term N addition decreased fungal biomass but
did not obviously affect bacterial biomass, thereby significantly de-
creasing the fungal:bacterial biomass ratio. Allison et al. (2008) re-
ported that N addition did not change the fungal:bacterial biomass
ratio, even though the structure of the fungal community changed.
Freitag et al. (2005) found that N was not conducive to improving
grassland soil microbial diversity. Yang et al. (2015) reported that soil
bacterial HPLFA and EPLFA did not change significantly with N gradients.
These inconsistent results may have been due to different N contents,
soil types, climatic conditions, and sensitivities to N of the different
regional ecosystems.

4.3. Implications of ecosystemic N thresholds

N saturation means that the supply of ammonium and nitrate N
exceeds the critical concentration of total demand by plants and mi-
croorganisms, which is the threshold. A low amount of added N (N1)
increased SMBC in this short-term experiment but higher amounts de-
creased it, with the threshold at 2.5 g N m−2 y−1. N addition can
change CUE:NUE ratios associated with changes to bacterial and fungal
communities due to the different CUEs of fungi and bacteria (Keiblinger
et al., 2010). N2 represented the threshold for microbial activity. The
threshold of soil properties is inconsistent among studies, and a biomass
threshold for B. ischaemum of 5 g N m−2 y−1 has been reported (Ai
et al., 2017), which is lower than the plant-productivity threshold of
10.5 g N m−2 y−1 (Bai et al., 2010), consistent with the study by Wei
CZ where plants, microorganisms, and soil had different thresholds.

The PCA of soil physical and chemical properties, plant biomass,
and soil microbial indicators (Tables 5 and 6) indicated that N1
(2.5 g N m−2 y−1) represented a threshold for soil microorganisms and
the thresholds for the entire ecosystem, including soil, plant biomass,
and soil microorganisms, which was lower than the previously reported
threshold for plants, soil microorganisms, and soil pH of
56 kg ha−1 y−1 (Wei et al., 2013). The threshold in our study was also
lower than the threshold of 180 kg ha−1 y−1 in a farmland ecosystem
(Zhong et al., 2015) but similar to the threshold of 1.9 g N m−2 y−1 in
European and American forests (Fenn et al., 2010).

The amount of N deposition in Shanxi Province has recently in-
creased sharply, from 16.12 kg ha−1 in 2010 (Wei et al., 2010) to
28.89 kg ha−1 in 2014 (Liang et al., 2014) in the region of Yangling.
The current amount of N deposition in this loessial hilly region is si-
milar to or even larger than the threshold in this experiment
(2.5 g N m−2 y−1), which should be taken seriously by the government
and researchers. N deposition> 5 g N m−2 y−1 will cause problems,
such as decreasing the amount of microorganisms and destabilizing
ecosystems.

5. Conclusion

N addition had a significant effects on soil microbial biomass, mi-
crobial activity and PLFAs reported in this study by soil carbon (SOC,
DOC and C:N). The addition of 2.5 g N m−2 y−1 was the ecosystemic

threshold. With the rapid increase in N deposition in Shaanxi Province,
we should pay more attention to depositions of 5 g N m−2 y−1, at
which microbial biomass decreased, microbial activity was inhibited.
Therefore, 5 g N m−2 y−1 in the background of global climate change
can provide data for developing environmental policies, which are
necessary and urgent. However, there are some disadvantages in this
experiment. We should combine some field experiments which were
completely close to natural soil conditions to support our results.

Acknowledgments

We thank the anonymous reviewers and the editors of the journal
who provided constructive comments and suggestions on the manu-
script. This work was supported by the Natural Science Foundation of
China (41371510, 41771557, 41471438, 41671513) and West Young
Scholars Project of The Chinese Academy of Sciences (XAB2015A05).

References

Ai, Z.M., Xue, S., Wang, G.L., Liu, G.B., 2017. Responses of non-structural carbohydrates
and C:N:P stoichiometry of Bothriochloa ischaemum to nitrogen addition on the Loess
Plateau, China. J. Plant Growth Regul. 1–9.

Allison, S.D., Czimczik, C.I., Treseder, K.K., 2008. Microbial activity and soil respiration
under nitrogen addition in Alaskan boreal forest. Glob. Chang. Biol. 14, 1156–1168.

Bai, Y., Wu, J., Clark, C.M., Naeem, S., Pan, Q., Huang, J., Zhang, L., Han, X., 2010.
Tradeoffs and thresholds in the effects of nitrogen addition on biodiversity and
ecosystem functioning: evidence from inner Mongolia grasslands. Glob. Chang. Biol.
16, 358–372.

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

Bremner, J., Mulvaney, C., 1982. Nitrogen—total. In: Methods of Soil Analysis Part 2
Chemical and Microbiological Properties, pp. 595–624.

Clark, C.M., Tilman, D., 2008. Loss of plant species after chronic low-level nitrogen de-
position to prairie grasslands. Nature 451, 712–715.

Eilers, K.G., Lauber, C.L., Knight, R., Fierer, N., 2010. Shifts in bacterial community
structure associated with inputs of low molecular weight carbon compounds to soil.
Soil Biol. Biochem. 42, 896–903.

Fenn, M.E., Allen, E.B., Weiss, S.B., Jovan, S., Geiser, L.H., Tonnesen, G.S., Johnson, R.F.,
Rao, L.E., Gimeno, B.S., Yuan, F., Meixner, T., Bytnerowicz, A., 2010. Nitrogen cri-
tical loads and management alternatives for N-impacted ecosystems in California. J.
Environ. Manag. 91, 2404–2423.

Freitag, T.E., Chang, L., Clegg, C.D., Prosser, J.I., 2005. Influence of inorganic nitrogen
management regime on the diversity of nitrite-oxidizing bacteria in agricultural
grassland soils. Appl. Environ. Microbiol. 71, 8323–8334.

Frey, S.D., Knorr, M., Parrent, J.L., Simpson, R.T., 2004. Chronic nitrogen enrichment
affects the structure and function of the soil microbial community in temperate
hardwood and pine forests. For. Ecol. Manag. 196, 159–171.

Frostegard, A., Tunlid, A., Baath, E., 1993. Phospholipid fatty-acid composition, biomass,
and activity of microbial communities from 2 soil types experimentally exposed to
different heavy-metals. Appl. Environ. Microbiol. 59, 3605–3617.

He, Y., Qi, Y., Dong, Y., Peng, X.S., Liu, X.C., 2010. Advances in the Influence of External
Nitrogen Input on Soil Microbiological Characteristics of Grassland Ecosystem. Adv.
Earth Science 877–885.

Holland, E.A., Dentener, F.J., Braswell, B.H., Sulzman, J.M., 1999. Contemporary and
pre-industrial global reactive nitrogen budgets. Biogeochemistry 46, 7–43.

Hueso, S., Hernandez, T., Garcia, C., 2011. Resistance and resilience of the soil microbial
biomass to severe drought in semiarid soils: the importance of organic amendments.
Appl. Soil Ecol. 50, 27–36.

Isbell, F., Reich, P.B., Tilman, D., Hobbie, S.E., Polasky, S., Binder, S., 2013. Nutrient
enrichment, biodiversity loss, and consequent declines in ecosystem productivity.
Proc. Natl. Acad. Sci. U. S. A. 110, 11911–11916.

Janssens, I.A., Dieleman, W., Luyssaert, S., Subke, J., Reichstein, M., Ceulemans, R., Ciais,
P., Dolman, A.J., Grace, J., Matteucci, G., Papale, D., Piao, S.L., Schulze, E., Tang, J.,
Law, B.E., 2010. Reduction of forest soil respiration in response to nitrogen deposi-
tion. Nat. Geosci. 3, 315–322.

Johnson, D., Leake, J.R., Read, D.J., 2005. Liming and nitrogen fertilization affects
phosphatase activities, microbial biomass and mycorrhizal colonisation in upland
grassland. Plant Soil 271, 157–164.

Keiblinger, K.M., Hall, E.K., Wanek, W., Szukics, U., Haemmerle, I., Ellersdorfer, G.,
Boeck, S., Strauss, J., Sterflinger, K., Richter, A., Zechmeister-Boltenstern, S., 2010.
The effect of resource quantity and resource stoichiometry on microbial carbon-use-
efficiency. FEMS Microbiol. Ecol. 73, 430–440.

Li, J., Li, Z., Wang, F., Zou, B., Chen, Y., Zhao, J., Mo, Q., Li, Y., Li, X., Xia, H., 2015.
Effects of nitrogen and phosphorus addition on soil microbial community in a sec-
ondary tropical forest of China. Biol. Fertil. Soils 51, 207–215.

Liang, T., Tong, Y.A., Liu, X.J., Qiao, L., 2014. Dynamics of atmospheric nitrogen wet
deposition fluxes in Guanzhong area, Shaanxi. J. Agro-Environ. Sci. 33, 2389–2394.

J. Zhang et al. Geoderma 308 (2017) 112–119

118

http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0005
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0005
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0005
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0010
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0010
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0015
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0015
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0015
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0015
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0020
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0020
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0020
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0020
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0020
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0025
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0025
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0030
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0030
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0035
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0035
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0035
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0040
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0040
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0040
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0040
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0045
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0045
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0045
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0050
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0050
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0050
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0055
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0055
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0055
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0060
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0060
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0060
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0065
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0065
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0070
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0070
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0070
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0075
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0075
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0075
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0080
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0080
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0080
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0080
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0085
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0085
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0085
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0090
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0090
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0090
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0090
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0095
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0095
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0095
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0100
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0100


Liu, Z.P., 2013. Spatial Distribution of Soil Nutrients and the Impact Factors Across the
Loess Plateau of China. The University of Chinese Academy of Sciences (Institute of
Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water
Resources).

Liu, L., Greaver, T.L., 2010. A global perspective on belowground carbon dynamics under
nitrogen enrichment. Ecol. Lett. 13, 819–828.

Liu, W., Jiang, L., Hu, S., Li, L., Liu, L., Wan, S., 2014. Decoupling of soil microbes and
plants with increasing anthropogenic nitrogen inputs in a temperate steppe. Soil Biol.
Biochem. 72, 116–122.

Mooshammer, M., Wanek, W., Haemmerle, I., Fuchslueger, L., Hofhansl, F., Knoltsch, A.,
Schnecker, J., Takriti, M., Watzka, M., Wild, B., Keiblinger, K.M., Zechmeister-
Boltenstern, S., Richter, A., 2014. Adjustment of microbial nitrogen use efficiency to
carbon: nitrogen imbalances regulates soil nitrogen cycling. Nat. Commun. 5.

Nilsson, L.O., Baath, E., Falkengren-Grerup, U., Wallander, H., 2007. Growth of ecto-
mycorrhizal mycelia and composition of soil microbial communities in oak forest
soils along a nitrogen deposition gradient. Oecologia 153, 375–384.

Odum, E.P., 1985. Trends expected in stressed ecosystems. Bioscience 35, 419–422.
Phoenix, G.K., Emmett, B.A., Britton, A.J., Caporn, S.J.M., Dise, N.B., Helliwell, R., Jones,

L., Leake, J.R., Leith, I.D., Sheppard, L.J., Sowerby, A., Pilkington, M.G., Rowe, E.C.,
Ashmorek, M.R., Power, S.A., 2012. Impacts of atmospheric nitrogen deposition:
responses of multiple plant and soil parameters across contrasting ecosystems in long-
term field experiments. Glob. Chang. Biol. 18, 1197–1215.

Powslon, D.S., 1976. The effects of biocidal treatments on metabolism in soil: Grammans
irradiation, autoclaving, air-drying and fumigation. Soil Biol. Biochem. 16, 459–464.

Ramirez, K.S., Craine, J.M., Fierer, N., 2012. Consistent effects of nitrogen amendments
on soil microbial communities and processes across biomes. Glob. Chang. Biol. 18,
1918–1927.

Sarathchandra, S.U., Ghani, A., Yeates, G.W., Burch, G., Cox, N.R., 2001. Effect of ni-
trogen and phosphate fertilisers on microbial and nematode diversity in pasture soils.
Soil Biol. Biochem. 33, 953–964.

Schade, J.D., Kyle, M., Hobbie, S., Fagan, W., Elser, J., 2003. Stoichiometric tracking of
soil nutrients by a desert insect herbivore. Ecol. Lett. 6, 96–101.

Shannon, C.E., 1948. A mathematical theory of communication. Bell Syst. Tech. J. 27,
379–423.

Shen, J., Zhang, L., Guo, J., Ray, J.L., He, J., 2010. Impact of long-term fertilization
practices on the abundance and composition of soil bacterial communities in
Northeast China. Appl. Soil Ecol. 46, 119–124.

Smolander, A., Kurka, A., Kitunen, V., Malkonen, E., 1994. Microbial biomass C and N,
and respiratory activity in soil of repeatedly limed and N-fertilized and P-fertilized
Norway spruce stands. Soil Biol. Biochem. 26, 957–962.

Stevens, C.J., Dise, N.B., Mountford, J.O., Gowing, D.J., 2004. Impact of nitrogen de-
position on the species richness of grasslands. Science 303, 1876–1879.

Treseder, K.K., 2008. Nitrogen additions and microbial biomass: a meta-analysis of eco-
system studies. Ecol. Lett. 11, 1111–1120.

Tu, L.H., Dai, H.Z., Hu, T.X., Zhang, J., Luo, S.H., 2011. Effects of simulated nitrogen
deposition on soil respiration in a Bambusa pervariabilis × Dendrocala mopsi planta-
tion in rainy area of West China. Chin. J. Appl. Ecol. 22, 829–836.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W.,
Schlesinger, W.H., Tilman, D., 1997. Human alteration of the global nitrogen cycle:
sources and consequences. Ecol. Appl. 7, 737–750.

Wallenstein, M.D., McNulty, S., Fernandez, I.J., Boggs, J., Schlesinger, W.H., 2006.
Nitrogen fertilization decreases forest soil fungal and bacterial biomass in three long-
term experiments. For. Ecol. Manag. 222, 459–468.

Wang, L., Li, Y.Y., Li, Y.Y., 2004. The eco-environment deterioration and its counter-
measures in the Loess Plateau. J. Nat. Resour. 19, 263–271.

Wei, X., Tong, Y.A., Qiao, L., Liu, X.J., Duan, M., Li, J., 2010. Preliminary Estimate of the
Atmospheric Nitrogen Deposition in Different Ecological Regions of Shaanxi
Province. 29. pp. 795–800.

Wei, C., Yu, Q., Bai, E., Lu, X., Li, Q., Xia, J., Kardol, P., Liang, W., Wang, Z., Han, X.,
2013. Nitrogen deposition weakens plant-microbe interactions in grassland ecosys-
tems. Glob. Chang. Biol. 19, 3688–3697.

Xue, J.H., Mo, J.M., Li, J., Wang, H., 2005. Effects of nitrogen deposition on soil mi-
croorganism. Ecol. Environ. 14, 777–782.

Yang, S., Li, X.B., Wang, R.Z., Cai, J.P., Xu, Z.W., Zhang, Y.G., Li, H., Jiang, Y., 2015.
Effect of nitrogen and water addition on soil bacterial diversity and community
structure in temperate grasslands in northern China. Chin. J. Appl. Ecol. 26, 739–746.

Yao, M., Rui, J., Li, J., Dai, Y., Bai, Y., Hedenec, P., Wang, J., Zhang, S., Pei, K., Liu, C.,
Wang, Y., He, Z., Frouz, J., Li, X., 2014. Rate-specific responses of prokaryotic di-
versity and structure to nitrogen deposition in the Leymus chinensis steppe. Soil Biol.
Biochem. 79, 81–90.

Yevdokimov, I., Gattinger, A., Buegger, F., Munch, J.C., Schloter, M., 2008. Changes in
microbial community structure in soil as a result of different amounts of nitrogen
fertilization. Biol. Fertil. Soils 44, 1103–1106.

Yuan, Y.H., Fan, H.B., Liu, W.F., Zhang, Z.W., Meng, Q.Y., Hu, F., Li, H.X., 2012. Effects of
simulated nitrogen deposition on soil dissolved organic carbon and microbial biomass
carbon in a Chinese fir plantation. J. Soil Water Conserv. 26, 138–143.

Zelles, L., 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the
characterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29,
111–129.

Zhang, X., Han, X., 2012. Nitrogen deposition alters soil chemical properties and bacterial
communities in the Inner Mongolia grassland. J. Environ. Sci. 24, 1483–1491.

Zhang, Y.D., Sun, Z.H., Shen, Y.X., 2005. Effect of fertilization on soil microorganism of
deteriorated grassland in dry-hot valley region of Jinsha River. J. Soil Water Conserv.
19, 88–91.

Zhao, C., Wang, W.J., Ruan, H.H., Ge, Z.W., Xu, C.B., Cao, G.H., 2015. Effects of nitrogen
addition on microbial community structure in topsoil of poplar plantations. J.
Northeast Forestry Univ. 43, 83–88.

Zhong, Y., Yan, W., Zhouping, S., 2015. Impact of long-term N additions upon coupling
between soil microbial community structure and activity, and nutrient-use effi-
ciencies. Soil Biol. Biochem. 91, 151–159.

Zong, N., Shi, P.L., Jiang, J., Xiong, D.P., Meng, F.S., Song, M.H., Zhang, X.Z., Shen, Z.X.,
2013. Interactive effects of short-term nitrogen enrichment and simulated grazing on
ecosystem respiration in an alpine meadow on the Tibetan Plateau. Acta Ecol. Sin. 33,
6191–6201.

J. Zhang et al. Geoderma 308 (2017) 112–119

119

http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0105
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0105
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0105
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0105
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0110
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0110
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0115
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0115
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0115
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0120
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0120
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0120
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0120
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0125
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0125
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0125
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0130
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0135
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0135
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0135
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0135
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0135
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0140
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0140
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0145
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0145
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0145
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0150
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0150
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0150
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf2000
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf2000
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0155
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0155
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0160
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0160
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0160
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0165
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0165
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0165
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0170
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0170
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0175
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0175
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0180
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0180
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0180
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0185
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0185
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0185
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0190
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0190
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0190
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0195
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0195
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0200
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0200
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0200
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0205
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0205
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0205
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0210
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0210
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0215
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0215
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0215
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0220
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0220
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0220
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0220
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0225
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0225
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0225
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0230
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0230
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0230
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0235
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0235
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0235
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0240
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0240
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0245
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0245
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0245
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0250
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0250
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0250
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0255
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0255
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0255
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0260
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0260
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0260
http://refhub.elsevier.com/S0016-7061(17)30713-9/rf0260

	Response of soil microbial communities and nitrogen thresholds of Bothriochloa ischaemum to short-term nitrogen addition on the Loess Plateau
	Introduction
	Material and methods
	Site description
	Experimental design
	Soil sampling and analysis
	Calculations and statistical analyses

	Results
	Soil microbial biomass and soil respiration
	Microbial-community structure and diversity index
	Factors driving the structure of the soil microbial communities
	Threshold of effect on soil, microbial community, and ecosystem

	Discussion
	Effect of N addition on microbial biomass and activity
	Effect of N addition on microbial-community structure and diversity
	Implications of ecosystemic N thresholds

	Conclusion
	Acknowledgments
	References




