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Abstract
Effects of simulated nitrogen (N) deposition on soil net nitrogen mineralization (NNM) were

examined in situ during two growing seasons, using the resin-core technique in the semiarid

meadow steppe in Inner Mongolia, China. The aim of this study is to clarify the effect of N

levels (0, 10, and 20 kg N ha−1yr−1) and forms (NH4
+ and NO3

-) on soil mineral N and NNM.

Our results showed that N levels had no significant differences on soil mineral N and NNM.

In the first year, three N treatments ((NH4)2SO4, NH4Cl and KNO3) increased soil NH4
+ con-

centrations but had no significant effects on soil NO3
- concentrations. In the second year,

(NH4)2SO4 treatment increased soil NO3
- concentrations, NH4Cl and KNO3 treatments

decreased them. Three N treatments significantly decreased soil NH4
+ concentrations in

the later stages of the second year. As for the soil NNM, three N treatments had no signifi-

cant effects on the rates of soil NNM (Rm) and net nitrification (Rn) in the first year, but signifi-

cantly decreased them in the second year. The contribution of N addition to Rm was higher

from (NH4)2SO4 than from NH4Cl and KNO3. However, Soil Rm was mainly affected by soil

water content (SWC), accumulated temperature (Ta), and soil total N (TN). These results

suggest that the short-term atmospheric N deposition may inhibit soil NNM in the meadow

steppe of Inner Mongolia.

Introduction
The global nitrogen (N) deposition has increased from 34 to 105 Tg yr−1 since before 1860 and
is expected to double in the next 25 years because of the anticipated increase in human activi-
ties [1–4]. In China, the average annual dry and wet N deposition is estimated at 12.9 kg N
ha−1 yr−1, and it has been increasing at a rate of 0.17 kg N ha-1 yr−1 or 1.47% per year [5]. Ele-
vated atmosphere N deposition has been considered as an important factor influencing the
N cycle processes especially on mineralization, nitrification and denitrification in terrestrial
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ecosystems [2,3,6]. Therefore, it is important to better understand the impacts of N deposition
on N transformation in N-limited natural ecosystem, and to accurately evaluate the changes
in ecosystem productivity and capability to sequester N induced by elevated N deposition.

Soil organic N mineralization, as one of the major processes of N cycle plays an important
role in determining soil N availability and net primary productivity [7,8]. Net nitrogen miner-
alization (NNM) is the outcome of two concurrent and opposite processes: gross N mineraliza-
tion and gross N immobilization turnover. The actual availability of inorganic N depends on
the rate of NNM and its transport through the soil [9,10].

Simulated atmospheric N deposition experiments on soil NNM have been conducted in
some forest ecosystems. Several prior studies have discussed whether N additions have a posi-
tive [11–16] or a negative effect on NNM [17–19]. Some of them were measured by laboratory
incubation, which did not agree well with the results from the field observation. Most of N
inputs were mixed type of N fertilizer, NH4NO3, which will not help understanding of the sin-
gle effects of different N forms on NNM. The response of soil NNM to N deposition depends
largely on the input of N forms and concentrations, the balance between production processes
of H+ (nitrification, plant uptake, and the fixation of NH4

+) and its consumption (denitrifica-
tion, plant uptake, and the fixation of NO3

-), and the buffering capacity of soils [6,8,20]. How-
ever, the effects of N deposition on NNM remain far from certain especially in China’s
temperate grassland which comprises nearly 12.5% of the global grassland areas.

To improve our understanding of the responses of NNM to the elevated atmosphere N
deposition in China’s temperate grassland, we conducted an in situ N fertilization addition
experiments in the semiarid meadow steppe in Inner Mongolia, China in May 2008. The exper-
iment lasted for two years, and it involved different forms and levels of N. The objective of
these experiments was to explore the effects of the amounts and forms of N addition on soil
inorganic N and rates of NNM in situ in the meadow steppe of Inner Mongolia, China.

Materials and Methods

Site description
The simulated N deposition experiment was conducted in one of the grazing-excluded experi-
mental plots of the meadow steppe at the Inner Mongolia Grassland Ecosystem Research Sta-
tion of the Chinese Academy of Agricultural Sciences. The site is located in Hulun Buir City,
Inner Mongolia, China, 49°190–49°200N latitude, 119°550–119°580E longitude, 628–649 m
above the sea level. The average annual dry and wet N deposition is estimated at 8.5 kg N ha−1

yr−1. The selected plot was fenced in 1997. The mean annual precipitation at the site is 350–400
mm. Precipitation occurs mainly from June to September. Mean annual temperature ranges
from –5 to –1°C. The ground is covered by snow in most of the winter season from November
to April of the following year. Annual cumulative temperature of�10°C is 1680–1800°C, and
the frost-free period is around 100 days. Air temperature and precipitation in 2008 and 2009
are shown in Fig 1.

The soil type at the site is classified as chestnut according to the Chinese classification, or
Haplic Arenosol according to the FAO classification. Total N, inorganic N, C/N ratios, pH val-
ues and soil bulk density are shown in Table 1. One of the main plant community types (the cli-
max community) in the area is the Stipa baicalensis. The grass community is mainly composed
of S. baicalensis, Leymus chinensis, Carex pediformis, Artemisia tanacetifolia,Melissitus ruthe-
nica, Bupleurum scorzonerifolium, Vicia amoena. Among them, S. baicalensis and L. chinensis
are the dominant species.

Effects of Simulated N Deposition on Soil Net Nitrogen Mineralization
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Experimental design
In May 2008, a plot was selected for N deposition experiment in the fenced meadow steppe.
Three N fertilizers ((NH4)2SO4, NH4Cl, and KNO3) were used as three levels of control (CK,
0 kg N ha−1 yr−1), low N (LN, 10 kg N ha−1 yr−1), and high N (HN, 20 kg N ha−1 yr−1). The fer-
tilized amount was set to simulate a future increase in the atmospheric N deposition by 1- and
2- fold. Each N treatment was replicated three times, a total of 21 sub-plots of 3 m × 4 m in size
were set up in a randomized block design. The adjacent sub-plots were separated by a 2 m wide
buffer strip to minimize the disturbance from neighboring treatments. One year’s amount of
added N was divided into two equal portions: one portion in the growing season (fromMay to
October) and the other portion in the non-growing season. Over the growing season, N fertiliz-
ers were added on around 10th of every month as 6 equal doses. Duo to the severe weather con-
ditions in the non-growing season, N fertilizers were all applied in one time in November. N
fertilizer was dissolved in 1 L deionized water, and sprayed on each sub-plot, and the control
plots received 1 L deionized water only. So 7 L additional water was added to each sub-plot per
year. No significant differences in general soil properties were observed between the treatments
before N application.

Fig 1. Air temperature and precipitation at the meteorological station close to the study area in 2008 and 2009.

doi:10.1371/journal.pone.0134039.g001

Table 1. Soil physiochemical properties of 0–20 cm soil in the sampling site.

Total Organic C(%) DOC(mg kg-1) Total N(%) NH4
+-N(mg kg-1) NO3

—N(mg kg-1) C/N pH Soil bulk density(g cm-3)

5.1 122.9 0.20 13.4 4.6 25.5 5.9 1.22

doi:10.1371/journal.pone.0134039.t001
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In situ net N mineralization
The experiment was carried out fromMay 2008 to October 2009 (2 integral growing seasons)
using the resin-core technique [21,22], which was similar to that described by Liu et al. [23].
The method confined soil cores in situ in an open tube, with an anion exchange resin bag at the
bottom to intercept any leached N. At each sampling, four duplicate samples of two paired
samples of soil were taken in each subplot. The PVC tubes were sharpened in the outside at the
bottom to avoid compression of grassland soil. After the aboveground vegetation was removed,
one of a pair of PVC tubes (5 cm in diameter and 17 cm long) was inserted 15 cm into the soil.
The soil was taken to the laboratory for the determination of the extractable N. The other tube
was inserted 15 cm into the soil to confine a soil core, and then 2 cm soil layer was excavated
from the bottom of the tube. The excavated soil was put into a filter paper, one resin bag, filter
paper, and one cylindrical block of gypsum in order (the height of resin bag and plaster is
about 2 cm). The resin bag was made of nylon and containing 10 g of anion exchange resin
beads. The tube was then returned to its original position, and left for in situ incubation for
about 4 weeks. When it was removed and further tubes were driven into the soil to repeat the
cycle until the experiment ended on 15 October. All the initial and incubated soil samples and
the collected resin bags were stored in refrigerator at 4°C temporarily, and extracted within
24 h.

Soil samples and resin bags extraction and chemical analysis
After stones had been removed by hand, all soil samples were thoroughly mixed, homogenized,
and sieved through a 2 mm sieve. Mineral N was extracted with 0.01 M CaCl2 solution. The
resin bags were extracted with 1 M NaCl solution (resin: NaCl 1: 5 w/v). The filtrates of soil
and the solution of extracted resin bags were kept frozen before they were analyzed on an auto-
mated flow injection analysis (Braun & Lübbe, Norderstedt, Germany). Rates of net ammonifi-
cation (Ra), net nitrification (Rn), and net mineralization (Rm) were calculated from measured
changes in inorganic N content divided by the time interval [23]. Soil water content (SWC)
was determined gravimetrically by oven-drying at 105°C for 24 h. Soil temperature at 10 cm
depth was measured with Model SN 2202 digital thermo detector at the time of sampling.

Total soil organic carbon (TOC) and TN were analyzed using a Multi N/C 2100 analyzer
(Analytik Jena, Germany). Soil dissolved carbon (DOC) was assayed following the procedures
presented by Ghani et al. (2003) [24]. Soil pH values were determined in water (water:
soil = 2.5: 1) suspension. Soil bulk density was measured using the core method.

The peak aboveground and root biomasses were measured in mid-August in both years.
Aboveground biomass was measured by harvesting vegetation over a 25 cm × 25 cm area
(n = 5). Root biomass was measured by a 10 cm diameter soil cores collected to 40 cm depth,
because more than 95% of the root biomasses were in this depth. At each sampling, 10 cores
were collected on each plot. Live roots, carefully removed from the soil cores, were rinsed with
water. All plant materials were dried in an oven at 60°C to constant weight.

Statistical analysis
Statistical analyses were conducted using the SPSS 16.0 package. Means (n = 3) and standard
errors (SE) were calculated. We used three way repeated measures multivariate analysis of vari-
ance (MANOVA) with N forms, N levels and sampling time as main effects to test differences
in NH4

+-N, NO3
–-N, Rm, Rn, and Ra. Relationships between Rm and soil parameters were tested

using Pearson correlation analysis. Statistical significant differences were set at P values<0.05
unless otherwise stated.

Effects of Simulated N Deposition on Soil Net Nitrogen Mineralization
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Results

Seasonal dynamics of mineral N concentration
The seasonal patterns of NO3

—N were similar between LN (a) and HN (b) treatments with one
peak on 15 July 2008 and two peaks on 15 June and 12 August 2009 (Fig 2). Levels rather than
forms of N addition had subtle effects on soil NO3

—N (Table 2, P>0.05) except for NH4Cl
(P<0.05) in 2009. In 2008, there were no significant differences between N addition treatments
and the control. In 2009, H(NH4)2SO4 treatment increased NO3

—N concentrations compared
to CK, while HNH4Cl and HKNO3 treatments decreased them significantly (P<0.05). The
reduction effect of HNH4Cl on NO3

—N concentrations was more obvious (P<0.05).
The seasonal patterns of NH4

+-N were similar between LN (a) and HN (b) treatments, with
two peaks occurred in July in both years. N levels had subtle effects on soil NH4

+-N (Table 2,
P>0.05), except for KNO3 treatments in 2009. LKNO3 treatment decreased NH4

+-N concen-
trations significantly compared to CK (P<0.05), but HKNO3 treatment had no significant
effects on them. In 2008, there were no significant differences among treatments, while in the

Fig 2. The seasonal variations of NO3
--N and NH4+-N in LN (a) and HN treatments (b) during the growing seasons of 2008 and 2009.

doi:10.1371/journal.pone.0134039.g002

Table 2. Results of F tests based on repeatedmeasures ANOVA on effects of N level, N forms, and their interactions on soil mineral N, Rm, Rn, and
Ra.

Variations Growing season of 2008 Growing season of 2009

NH4
+-N NO3

—N Rm Rn Ra NH4
+-N NO3

—N Rm Rn Ra

Time (T)N level (L) 5.75*2.11 4.25*1.56 6.11*2.83 6.35*2.56 5.87*3.01 5.78*1.98 5.09*2.02 7.23*2.71 6.58*2.62 6.41*3.51

N form (F) 1.07 2.33 1.88 1.76 2.23 3.56 3.01 4.89* 5.07* 5.88*

T×L 1.10 0.96 1.23 1.07 0.99 1.26 1.55 0.89 1.42 0.76

T×F 2.05 1.67 2.00 1.54 1.76 1.87 2.13 1.17 1.53 0.75

L×F 1.05 1.34 1.32 1.85 1.11 1.52 2.26 0.99 1.06 1.63

T×L×F 1.18 0.93 0.87 0.56 0.32 1.76 1.64 0.52 0.39 0.47

*: statistically significant at P < 0.05

doi:10.1371/journal.pone.0134039.t002
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later stages of 2009, three LN treatments decreased NH4
+-N concentrations. The suppression

effect of LKNO3 was the most obvious among the three LN treatments. In 2008, the three HN
treatments tended to increase NH4

+-N concentrations, but there were no significant differences
between N addition treatments and control (P>0.05). In the later stages of 2009, the three HN
treatments all decreased NH4

+-N concentrations. Contrary to the LN treatments, ammonium
N fertilizers addition had more reduction effects than nitrate N fertilizers on soil NH4

+-N
concentrations.

Net nitrification rate
The seasonal patterns of daily Rn were similar between LN and HN treatments with two peaks
in July in both years (Fig 3). In the LN treatments, Rn ranged from 0 to 1.21 μg g–1 d–1 and var-
ied significantly during the two growing seasons. The incubation period had significant effects
on Rn (P<0.05). In 2008, the three LN treatments had no significant effects on Rn, while in the
later stages of 2009, they decreased Rn significantly. L(NH4)2SO4, LNH4Cl, and LKNO3 treat-
ments decreased Rn by 12.1–42.6%, 13.3–54.5%, and 13.0–62.8%, respectively, compared to
CK. The reduction effect was most obvious in the warm and rainy July of 2009. However, there
were no significant differences in Rn among each LN treatment.

In the HN treatments, Rn ranged from 0.03 to 1.35 μg g–1 d–1 and varied significantly
during the two growing seasons (Fig 3). In 2008, H(NH4)2SO4 treatment tended to increase Rn
during the incubation period from 11 June to 13 July, 13 July to 14 August, and 14 August to 14
September, but HNH4Cl and HKNO3 treatments had no significant effects on Rn. In the later
stages of 2009, the three HN treatments had significant reduction in Rn. H(NH4)2SO4, HNH4Cl,
and HKNO3 treatments decreased Rn by 14.1–66.2%, 13.2–55.4%, and 10.0–63.7% compared to

Fig 3. The seasonal variations of Rn in LN (a) and HN treatments (b) during the growing seasons of
2008 and 2009.

doi:10.1371/journal.pone.0134039.g003
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CK, respectively. The reduction effects were most obvious in July of 2009. H(NH4)2SO4 treat-
ment had a stronger inhibition on Rn than HNH4Cl and HKNO3 treatments.

Net ammonification rate
The seasonal patterns of daily Ra were similar between LN and HN treatments with three nega-
tive values in July 2008 and May and July 2009 (Fig 4). In the LN treatments, Ra ranged from
-0.19 to 0.30 μg g–1 d–1 and varied significantly during the two growing seasons. The incubation
period also had significant effects on Ra in all treatments (P<0.05). During the two growing
seasons, the LNH4Cl treatment significantly increased Ra, except for the negative values during
the period from 13 July to 14 August 2008 and from 15 July to 12 August 2009. The promotion
effects of LNH4Cl on Ra in 2009 were greater than that in 2008, and the effects were most
obvious in June and August. LNH4Cl treatment increased Ra by 42.8–122.0% in 2008 and
114.0–288.0% in 2009. L(NH4)2SO4 and LKNO3 treatments had no significant effects on Ra.

In the HN treatments, Ra ranged from -0.47 to 0.44 μg g–1 d–1 and varied significantly dur-
ing the two growing seasons. The HNH4Cl treatment significantly increased Ra, except for the
negative values during the periods from 13 July to 14 August 2008 and from 15 July to 12
August 2009. Contrary to the LNH4Cl treatment, the promotion effect of HNH4Cl on Ra was
greater in 2008 than in 2009. In the later period of 2009, there was no significant difference in
Ra between treatments.

Net N mineralization rate
Given that Rn was far greater than Ra in values, the seasonal variations of Rm were similar to
Rn. The seasonal patterns of daily Rm were also similar between LN and HN treatments with
two peaks in July of 2008 and 2009. In the LN treatments, Rm ranged from -0.08 to 1.02 μg g–1

d–1, and the incubation period had significant effects on Rm in all treatments (Fig 5, P<0.05).

Fig 4. The seasonal variations of Ra in LN (a) and HN treatments (b) during the growing seasons of
2008 and 2009.

doi:10.1371/journal.pone.0134039.g004
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In 2008, the three N treatments had no significant effects on Rm. In the later period of 2009,
they significantly decreased it. L(NH4)2SO4, LNH4Cl, and LKNO3 treatments decreased Rm by
12.1–110.2%, 17.0–180.0%, and 24.5–70.3%, respectively, compared to CK. The most obvious
reduction effects also occurred in July. However, there were no significant differences in Rm

among the LN treatments except for the incubation period from 15 June to 15 July.
In the HN treatments, Rm ranged from -0.13 to 1.07 μg g–1 d–1, and varied significantly dur-

ing the two growing seasons (Fig 5, P<0.05). In 2008, H(NH4)2SO4 treatment tended to
increase Rm except for the beginning and the end of the growing season. HNH4Cl and HKNO3

treatments showed the same trend in Rm, with increased Rm in June, and decreased Rm in
July, at comparable magnitude to that in CK. In 2009, the three HN treatments significantly
decreased Rm except for the period from 15 June to 15 July. H(NH4)2SO4 treatment had
the most obvious reduction effect, especially in July. H(NH4)2SO4, HNH4Cl, and HKNO3

Fig 5. The seasonal variations of Rm in LN (a) and HN treatments (b) during the growing seasons of 2008 and 2009.

doi:10.1371/journal.pone.0134039.g005
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treatments reduced Rm by 36.7–58.8%, 13.0–93.1%, and 16.7–53.9%, respectively, compared to
CK. However, there were no significant differences between HNH4Cl and HKNO3 treatments.

Aboveground biomass and root biomass
In either the LN or HN treatments, N addition caused significant increases in aboveground
biomasses (Fig 6, P<0.05), but not root biomasses. In 2008, L(NH4)2SO4, H(NH4)2SO4,
LNH4Cl, HNH4Cl, LKNO3, and HKNO3 treatments increased aboveground biomasses by
53.8%, 41.7%, 28.8%, 20.5%, 21.2%, and 39.6%, respectively. In 2009, they increased above-
ground biomasses by 47.2%, 49.8%, 18.9%, 13.0%, 22.6%, and 42.9%, respectively. However,
there were no significant differences between N levels (P>0.05). The increases in aboveground
biomasses of (NH4)2SO4 treatments were greater than that of NH4Cl and KNO3 treatments,
but there were no significant differences between LN and HN treatments.

Relationships between Rm and environmental factors
Our results showed that soil Rm was significantly positively correlated with soil SWC and the
effective accumulated temperature (Ta) in each treatment (Table 3). The variations of soil SWC
and Ta could explain more than 58.1% and 80.5% of the variation in Rm, respectively (Table 3,
P<0.05). Also, soil Rm was positively correlated with the soil TN rather than TOC. The varia-
tion of TN could explain more than 53.4% of the variation in Rm. Soil Rm was negatively but
not significantly correlated with C/N of soil organic matter (SOM) (Table 3, P>0.05). There
were positive but insignificant correlations between Rm and soil pH values (Table 3, P>0.05).

Discussion

The effects of N addition on mineral N
Our results showed that in both the HN and LN treatments, the additions of (NH4)2SO4

increased soil NO3
- concentrations, NH4Cl and KNO3 decreased soil NO3

- concentrations in
the second year. These results are very similar to the results from the long-term fertilization
experiment in the neutral purple paddy soil ecosystem reported by Qin et al. [25], and also sim-
ilar to the results of Zhang et al. [26] from experiments with three different soil types in

Fig 6. The aboveground biomass and root biomass of different treatments in August of 2008 and
2009.

doi:10.1371/journal.pone.0134039.g006
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grassland. Besides the specific NH4
+ or NO3

- effects, the salt effects of SO4
2- and Cl- may be a

reasonable explanation for the increase or decrease in NO3
- concentrations. We found SO4

2-

promoted nitrification, and Cl- had significant inhibitory effects on nitrification. Application
of different NH4

+-N fertilizer, soil chemical and physical properties would change because of
salt effects (such as osmotic pressure, pH value). (NH4)2SO4 in soil solution is easier to produce
more H+ than NH4Cl, but the osmotic pressure of NH4Cl in soil solution is greater than that of
(NH4)2SO4 [27]. Many researches have indicated that NH4Cl has direct inhibitory effects on
nitrification [27,28]. Few researches, however, has not examined the inhibition mechanism.
Therefore, the mechanism of the inhibitory effects of NH4Cl on nitrification needs to be further
studied.

Our study also showed that the promotion of (NH4)2SO4 fertilizer to soil NO3
—N concen-

tration was higher than KNO3 fertilizer, and the inhibition of KNO3 fertilizer on soil NH4
+-N

concentration was higher than (NH4)2SO4 fertilizer (Fig 2). Generally, NO3
—N and NH4

+-N
fertilizers should have opposite effects on soil mineral N because of their opposite ion charges
[29]. The less sensitivity of soil NO3

—N concentration to KNO3 amendment is because that
NO3

- are very mobile in soil owing to their negative charge[30]. Moreover, NO3
- may not be

present in the treated plots as long as NH4
+, which are positively charged and are more strongly

adsorbed onto exchange sites in the soil matrix [29]. Also, the K+ can exchange NH4
+ from the

exchange sites in the soil and then release NH4
+ [27]. This explanation is supported by our

results of the accumulation of soil NH4
+-N and NO3

—N with N addition (Fig 2).
In this study, we did not observe significant effects of N addition on inorganic N concentra-

tions in the first year, and N levels on inorganic N concentrations in the second year. Generally,
the dynamics of soil NO3

—N and NH4
+-N concentrations under N additions are mainly deter-

mined by the inorganic N input (N addition and mineralization) and losses to plant uptake.
The addition of N fertilizers significantly increased aboveground biomasses in our experiment
(Fig 6, P<0.05), previous study also reached the same conclusion [31]. These results suggested
that the loss of soil inorganic N through the uptake of vegetation offsets the input N and soil
organic N mineralization. On the other hand, the meadow steppe soil is N-limited and has
a strong capacity to immobilize exogenous N, perhaps the N level in our experiment is not
enough to affect the mineral N concentration in the soil. We attributed the no responses to the
short-term phenomenon. In a short term, the abundance and activity of soil microorganisms
are regulated more by plant species than by direct effect of N input [31,32]. The effects of N
input on soil N pool are decided by two processes: 1) the increased nitrification would increase
the activity of soil N, accelerate the NO3

- loss, and reduce the soil N pool [19]. 2) The increased
available N would inhibit production of lignin degrading enzyme, allowing NO3

—N and NH4
+-

N to combine with lignin and phenolic compounds to form stable compounds not easy for
decomposition. This process would reduce N release rate, and thereby improve soil N accumu-
lation [20,33]. The soil N accumulation varies with N deposition according to the balance of
the processes 1 and 2.

The effects of N addition on Rm, Rn, and Ra

In the later period of 2009, (NH4)2SO4, NH4Cl, and KNO3 treatments all showed significant
decreases in Rm and Rn (P<0.05). The most obvious reduction effect occurred in the warm and
rainy July. High level of (NH4)2SO4 addition had a stronger inhibition on Rm and Rn than
NH4Cl and KNO3 addition. The slight promotion effect of (NH4)2SO4 in the early stages and
inhibitory effect in the later stages of 2009 were also consistent with some previous results [12,
34, 35]. Zhang et al. [36] have reported that 3-year N addition (0–640 kg N ha-1 yr-1) caused
gradual or step increases in soil NNM and nitrification in the early growing season. In a typical
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steppe dominated by a Leymus chinensis community, however, N addition also showed dose
effects. Zhang et al.[37] found that low N addition (17.5 kg N ha-1 yr-1) stimulated N minerali-
zation but high N addition (280 kg N ha-1 yr-1) inhibited N mineralization. Unfortunately, we
did not measure soil Rm in the non-growing season of 2008 because of very low temperature
and the deep snow, and only observed the slightly increased Rm in May 2009. N addition raised
initial Rm, because combination of the increased N with organic matter would decrease soil C/
N ratio, accelerate the decomposition of SOM, and release nutrients [34]. Under the conditions
of long-term fertilization, the total soil N mineralization would increase while the Rm would
decline gradually [35,38]. Gundersen [39] also found that N input could elevate the Rm only in
N-limited ecosystem. On the other hand, the inhibition might be that N input changes the
chemical properties of SOM, and slows extracellular enzyme activity in the decomposition pro-
cess [40,41]. The inhibited generation of humus degrades enzyme for the soil with elevated
available N [12]. Liu et al. [42] found no effect of N fertilization on soil microbial indices in the
first growing season in temperate steppe in northern China, which was not consistent with the
results of N enrichment ecosystem [43]. Therefore, the responses of soil microbial activities to
N forms should be further investigated in the N-limited steppe.

We found that KNO3 treatments decreased Rm and Rn in the later stages of 2009 (P<0.05).
On the one hand, the addition of NO3

- directly inhibited nitrification. On the other hand, such
decrease maybe correlated with the fact that NO3

- was added as KNO3 supplying with K+ ions.
This K+ replaced H+ in soil exchange sites, leading to increase in the concentration of H+ in
soil solution [44]. Recent research also showed that in N-limited ecosystems, NO3

- addition
could cause slow decrease in soil pH [30]. N mineralization, especially nitrification, decreases
linearly with the soil pH value [24,36]. Therefore, the effects of NH4

+-N on the increment of
soil N mineralization in the temperate semi-arid grassland is greater than that of NO3

—N.
The reduction effects of N addition on Rm and Rn was most obvious in the warm and rainy

July of 2009. The potential reason maybe that the optimal hydrothermal conditions favor soil
denitrification, therefore decreased the Rm and Rn.

In the two growing seasons, in either the LN or HN treatments, (NH4)2SO4 and KNO3 treat-
ments did not significantly increase soil Ra in most of the period. However, the NH4Cl treat-
ments significantly increased soil Ra, except for some negative values (13 July-14 August 2008,
15 May-15 June, and 15 July-12 August 2009). Those negative values could be explained by N
immobilization, or by gaseous losses at nitrification for higher moisture content due to the
absence of plants in the field incubation experiment [21,45,46]. The negative Ra also indicates
that the available NH4

+-N could have been oxidized rapidly into NO3
—N under the nitrifica-

tion of autotrophic bacteria, or fixed by microorganism [3,47]. The promotion effects of
NH4Cl on Ra maybe explained by the inhibition of Cl- on the activity of soil microbial nitrifica-
tion [28]. With the increase of NH4Cl, the promotion effect of HNH4Cl on Ra in 2008 was
gradually disappeared in the later stages of 2009.

The correlations between soil parameters and Rm

While soil temperature and moisture are the main controlling factors of N mineralization, our
results showed that Rm is positively correlated with SWC (P<0.05) but not significantly corre-
lated with soil temperature (P>0.05). An explanation of these results is that our study area is
located in a semi-arid climatic zone where SWC is relatively low. The mean air temperature of
the area is higher than 10°C in most of the growing season. Some previous studies have shown
that SWC limits NNM when SWC is less than 15%, and Rm rises with soil temperature in the
temperature range from 5–35°C [48,49]. In our experiments, the SWC was less than 15% in
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most of the incubation period while daily mean air temperature was between 5–23°C (Fig 1),
In such conditions, NNM was likely subjected to SWC.

There was a positive significant correlation between Rm and soil TN in our experiment
results, this relationship was well documented and highlight the great impacts of TN on NNM
[50]. Also, there was a highly significant relationship between soil Rm and Ta in different treat-
ments of our experiments (Table 3, P<0.05). Some previous studies have also indicated that Ta

could explain NNM by more than 83% [51]. The Rm was negatively but insignificantly corre-
lated with C/N of SOM (P>0.05). N input did not change the soil C/N in short period in our
experiments. A reason behind this result could be the fertilization time and N levels in soils.
Vourlitis and Zorba [13] indicated that there was a significant negatively correlation between
Rm and C/N of SOM. When the C/N of SOM is greater than 30:1, it may not provide N for
plant in the initial stage of mineralization. When the C/N of SOM was less than 15:1 at the
beginning of its mineralization, effective N provided by SOM will exceed the amounts of
microbial assimilation, which makes it possible for plants to absorb the N from SOMminerali-
zation [52].There is a positive but not significant correlation between Rm and soil pH values in
our experiment results. Prior studies have shown that soil pH controlls the nitrification in soil
[25,36]. Because soil pH could influence the dissolved organic matter, and the substances rich
in carbon and N groups for microbial life activities, and therefore influence the N mineraliza-
tion [6,47]. The correlations between Rm and environmental factors changed little in response
to N addition (Table 3).

Conclusions
With designed field experiments, this study investigated the short-term effects of N addition
on soil mineral N and NNM. The results demonstrated that continuous two-year N addition
had significantly affected soil mineral N and NNM. (NH4)2SO4 treatments increased soil NO3

-

concentrations, while NH4Cl and KNO3 treatments decreased them. Three N treatments all
decreased soil NH4

+ concentrations. As for the NNM, three N fertilizer additions significantly
decreased soil Rm over the short term, and the contribution of N addition to soil Rm was higher
from (NH4)2SO4, than from NH4Cl and KNO3. However, we can’t expect the changes of soil
NNM under the increased N deposition in the future. The long-term observations of N deposi-
tion effects on soil N transformation and the complex biochemical inhibition or promotion
mechanisms by which inorganic N affects soil NNM are necessary.

Author Contributions
Conceived and designed the experiments: XRL SGL. Performed the experiments: XRL JQR.
Analyzed the data: XRL QWZ. Contributed reagents/materials/analysis tools: XRL JQR QWZ.
Wrote the paper: XRL JQR QWZ.

References
1. Neff JC, Townsend AR, Gleixner G, Lehman SJ, Turnbull J, BowmanWD. Variable effects of nitrogen

additions on the stability and turnover of soil carbon. Nature. 2002; 419: 915–917. PMID: 12410307

2. Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai ZC, Freney JR. Transformation of the nitro-
gen cycle: recent trends, questions, and potential solutions. Science. 2008; 320: 889–892. doi: 10.
1126/science.1136674 PMID: 18487183

3. Liu X, Duan L, Mo J, Du E, Shen J, Lu X, et al. Nitrogen deposition and its ecological impact in China:
An overview. Environ Pollut. 2011; 159(10): 2251–2264. doi: 10.1016/j.envpol.2010.08.002 PMID:
20828899

4. Jiao Y, Xu Z, Zhao JH, YangWZ. Changes in soil carbon stocks and related soil properties along a 50-
year grassland-to-cropland conversion chronosequence in an agro-pastoral ecotone of Inner Mongolia,
China. J Arid Land. 2012; 4(4): 420–430.

Effects of Simulated N Deposition on Soil Net Nitrogen Mineralization

PLOS ONE | DOI:10.1371/journal.pone.0134039 July 28, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12410307
http://dx.doi.org/10.1126/science.1136674
http://dx.doi.org/10.1126/science.1136674
http://www.ncbi.nlm.nih.gov/pubmed/18487183
http://dx.doi.org/10.1016/j.envpol.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20828899


5. Lu CQ, Tian HQ. Spatial and temporal patterns of nitrogen deposition in China: Synthesis of observa-
tional data. J Geophys Res. 2007; 112, D22S05, doi: 10.1029/ 2006JD007990

6. Vernimmen RRE, Verhoef HA, Verstraten JM, Bruijnzeel LA, Klomp NS, Zoomer HR, et al. Nitrogen
mineralization, nitrification and denitrification potential in contrasting lowland rain forest types in Central
Kalimantan, Indonesia. Soil Biol Biochem. 2007; 39: 2992–3003.

7. Sun SH, Liu JJ, Chang SX. Temperature sensitivity of soil carbon and nitrogen mineralization: impacts
of nitrogen species and land use type. Plant Soil. 2013; 372(1–2): 597–608.

8. Zhu TB, Meng TZ, Zhang JB, Yin YF, Cai ZC, YangWY, et al. Nitrogen mineralization, immobilization
turnover, heterotrophic nitrification, and microbial groups in acid forest soils of subtropical China. Biol
Fertil Soils. 2013; 49: 323–331.

9. Fenn ME, Poth MA, Terry JD, Blubaugh TJ. Nitrogen mineralization and nitrification in a mixed-conifer
forest in southern California: controlling factors, fluxes, and nitrogen fertilization response at a high and
low nitrogen deposition site. Can J Forest Res. 2005; 35: 1464–1486.

10. Luxhøi J, Bruun S, Stenberg B, Breland TA, Jensen LS. Prediction of gross and net nitrogen mineraliza-
tion-immobilization-turnover from respiration. Soil Sci Soc Am J. 2006; 70: 1121–1128.

11. Vestgarden LS, Selle LT, Stuanes AO. In situ soil nitrogen mineralization in a Scots pine (Pinus sylves-
tris L.) stand: Effects of increased nitrogen input. Forest Ecol Manag. 2003; 176: 205–216.

12. Aber JD, Magill AH. Chronic nitrogen additions at the Harvard Forest: The first 15 years of a nitrogen
saturation experiment. Forest Ecol Manag. 2004; 196: 1–5.

13. Vourlitis GL, Zorba G. Nitrogen and carbon mineralization of semi-arid shrubland soil exposed to long-
term atmospheric nitrogen deposition. Biol Fertil Soils. 2007; 43: 611–615.

14. Turner MM, Henry HAL. Net nitrogen mineralization and leaching in response to warming and nitrogen
deposition in a temperate old field: the importance of winter temperature. Oecologia. 2010; 162: 227–
236. doi: 10.1007/s00442-009-1435-5 PMID: 19690892

15. Sparrius LB, Kooijman AM. Nitrogen deposition and soil carbon content affect nitrogen mineralization
during primary succession in acid inland drift sand vegetation. Plant Soil. 2013; 364: 219–228.

16. Steven GM, Johnny B, John DA, Lindsey R, Allison M. Red spruce ecosystem level changes following
14 years of chronic N fertilization. Forest Ecol Manag. 2005; 219: 279–291.

17. Emmett BA, Boxman D, Bredemeier M, Gundersen P, Kjønaas OJ, Moldan F, et al. Predicting the
effects of atmospheric nitrogen deposition in conifer stands: evidence from NITREX ecosystem-scale
experiments. Ecosystems. 1998; 1: 352–360.

18. Jussy JH, Colin-Belgrand M, Dambrine E, Ranger J, Zeller B, Bienaime S. N deposition, N transforma-
tion and N leaching in acid forest soils. Biogeochemistry. 2004; 9: 241–262.

19. Gundersen P, Emmett BA, Kjønaas OJ, Koopmans CJ, Tietama A (1998) Impact of nitrogen deposition
on nitrogen cycling in forests: A synthesis of NITREX data. Forest Ecol Manag.1998; 101: 37–55.

20. Yan ER, Wang XH, Huang JJ, Li GY, ZhouW. Decline of soil nitrogen mineralization and nitrification
during forest conversion of evergreen broad-leaved forest to plantations in the subtropical area of East-
ern China. Biogeochemistry. 2008; 89: 239–251.

21. Hatch DJ, Jarvis SC, Parkinson RJ, Lovell RD. Combining field incubation with nitrogen-15 labeling to
examine nitrogen transformations in low to high intensity grassland management systems. Biol Fertil
Soils. 2000; 30: 492–499.

22. Bhogal A, Hatch DJ, Shepherd MA, Jarvis SC. Comparison of methodologies for field measurement of
net nitrogen mineralization in arable soils. Plant Soil. 1999; 207: 15–28.

23. Liu XR, Dong YS, Ren JQ, Li SG. Drivers of soil net nitrogen mineralization in the temperate grasslands
in Inner Mongolia, China. Nutr Cycl Agroecosyst. 2010; 87: 59–69.

24. Ghani A, Dexter M, Perrott KW. Hot-water extractable carbon in soils: A sensitive measurement for
determining impacts of fertilization, grazing and cultivation. Soil Biol Biochem. 2003; 35: 1231–1243.

25. Qin ZX, Zhang YT, Zhou ZF, Shi XJ, Guo T. Characteristics of mineralization and nitrification in neutral
purple paddy soil from a long-term fertilization experiment. Scientia Agricultura Sinica. 2013; 46: 3392–
3400. (in Chinese)

26. Zhang XL, Wang QB, Li LH, Han XG. Seasonal variations in nitrogen mineralization under three land
use types in a grassland landscape. Acta Oecologica. 2008; 34: 322–330.

27. Fang H, Cheng S, Yu G, Cooch J, Wang Y, Xu M, et al. Low-level nitrogen deposition significantly inhib-
its methane uptake from an alpine meadow soil on the Qinghai–Tibetan Plateau. Geoderma. 2014;
213: 444–452.

28. Zhou PD, Shi XJ, Mao ZY. Effect of chlorine of ammonium chloride on restraining nitrification. Plant
Nutr Fertil Sci. 2002; 7: 397–403. (in Chinese)

Effects of Simulated N Deposition on Soil Net Nitrogen Mineralization

PLOS ONE | DOI:10.1371/journal.pone.0134039 July 28, 2015 14 / 15

http://dx.doi.org/10.1029/ 2006JD007990
http://dx.doi.org/10.1007/s00442-009-1435-5
http://www.ncbi.nlm.nih.gov/pubmed/19690892


29. Fang HJ, Cheng SL, Yu GR, Zheng JJ, Zhang PL, Xu MJ, et al. Responses of CO2 efflux from an alpine
meadow soil on the Qinghai Tibetan Plateau to multi-form and low-level N addition. Plant Soil. 2012;
351: 177–190.

30. Currey PM, Johnson D, Sheppard LJ, Leith ID, Toberman H, Van Der Wal R, et al. Turnover of labile
and recalcitrant soil carbon differ in response to nitrate and ammonium deposition in an ombrotrophic
peatland. Global Change Biol. 2010; 16: 2307–2321.

31. Niu S, Yang H, Zhang Z, WuM, Lu Q, Li L, et al. Non-additive effects of water and nitrogen addition on
ecosystem carbon exchange in a temperate steppe. Ecosystems. 2009; 12: 915–926.

32. Bardgett RD, Mawdsley JL, Edwards S, Hobba PJ, Rodwell JS, Davies WJ. Plant species and nitrogen
effects on soil biological properties of temperate upland grasslands. Funct Ecol. 1999b; 13: 650–660.

33. Li Y, Liu YH, Wang YL, Niu L, Xu X, Tian YQ. Interactive effects of soil temperature and moisture on soil
N mineralization in a Stipa krylovii grassland in Inner Mongolia, China. J Arid Land. 2014; 6(5): 571–
580.

34. Throop H, Holland E, PartonW, Ojima D, Keough C. Effects of nitrogen deposition and insect herbivory
on patterns of ecosystem-level carbon and nitrogen dynamics: results from the CUNTURYmodel.
Global Change Biol. 2004; 10: 1092–1105.

35. Tietema A, Emmett BA, Gundersen P, Kjønaas OJ, Koopmans CJ. The fate of 15N-labelled nitrogen
deposition in coniferous forest ecosystem. Forest Ecol Manag. 1998; 101: 19–27.

36. Zhang NL, Wan SQ, Li LH, Bi J, Zhao MM, Ma KP. Impacts of urea N addition on soil microbial commu-
nity in a semi-arid temperate steppe in northern China. Plant Soil. 2008; 311: 19–28.

37. Zhang L, Huang JH, Bai YF, Han XG. Effects of nitrogen addition on net nitrogen mineralization in Ley-
mus chinensis grassland, Inner Mongolia, China. Acta Phytoecologica Sinica. 2009; 33: 563–569.

38. Zaman M, Chang SX. Substrate type, temperature, and moisture content affect gross and net N miner-
alization and nitrification rates in agroforestry systems. Biol Fertil Soils. 2004; 39: 269–279.

39. Gundersen P. Effects of enhanced nitrogen deposition in a spruce forest at Klosterhede, Denmark,
examined by moderate NH4NO3 addition. Forest Ecol Manag. 1998; 101: 251–268.

40. Xu X, Han L, Luo X, Liu Z, Han S. Effects of nitrogen addition on dissolved N2O and CO2, dissolved
organic matter, and inorganic nitrogen in soil solution under a temperate old-growth forest. Geoderma.
2009; 151: 370–377.

41. Bardgett RD, Lovell RD, Hobbs PJ, Jarvis SC. Seasonal changes in soil microbial communities along a
fertility gradient of temperate grasslands. Soil Biol Biochem. 1999a; 31: 1021–1030.

42. Liu WX, XuWH, Han Y, Wang CH, Wan SQ. Responses of microbial biomass and respiration of soil to
topography, burning, and nitrogen fertilization in a temperate steppe. Biol Fertil Soils. 2007; 44: 259–
268.

43. Treseder K. Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies. Ecol
Lett. 2008; 11: 1111–1120. doi: 10.1111/j.1461-0248.2008.01230.x PMID: 18673384

44. Killham K. Soil Ecology. 1st ed. Cambridge: Cambridge University Press; 1994.

45. Maag M, Vinther FP. Nitrous oxide emission by nitrification and denitrification in different soil types and
at different soil moisture contents and temperatures. Appl Soil Ecol. 1996; 4: 5–14.

46. Vor T, BrummeR. N2O losses result in underestimation of in situ determinations of net N mineralization.
Soil Biol Biochem. 2002; 34: 541–544.

47. Chen YR, BorkenW, Stange CF, Matzner E. Effects of decreasing water potential on gross ammonifi-
cation and nitrification in an acid coniferous forest soil. Soil Biol Biochem. 2011; 43(2): 333–338.

48. Dalias P, Anderson JM, Bottner P, Coûteaux M. Temperature responses of net nitrogen mineralization
and nitrification in conifer forest soils incubated under standard laboratory conditions. Soil Biol Bio-
chem. 2002; 34: 691–701.

49. Wang CH, Wan SQ, Xing XR, Zhang L, Han XG. Temperature and soil moisture interactively affected
soil net N mineralization in temperate grassland in Northern China. Soil Biol Biochem. 2006; 38: 1101–
1110.

50. Booth MS, Stark JM, Rastetter E. Controls on nitrogen cycling in terrestrial ecosystems: a synthetic
analysis of literature data. Ecol Monogr. 2005; 75: 139–157.

51. Li HL, Han Y, Cai ZC. Nitrogen mineralization in paddy soils of the Taihu Region of China under anaero-
bic conditions: dynamics and model fitting. Geoderma. 2003; 115: 161–175.

52. Guntias ME, Leiros MC, Trasar-Cepeda C, Gil-Sotres F. Effects of moisture and temperature on net soil
nitrogen mineralization: A laboratory study. Eur J Soil Biol. 2011; 48: 1–8.

Effects of Simulated N Deposition on Soil Net Nitrogen Mineralization

PLOS ONE | DOI:10.1371/journal.pone.0134039 July 28, 2015 15 / 15

http://dx.doi.org/10.1111/j.1461-0248.2008.01230.x
http://www.ncbi.nlm.nih.gov/pubmed/18673384

