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Abstract
Aims To assess the effects of atmospheric N deposi-
tion on the C budget of an alpine meadow ecosystem
on the Qinghai–Tibetan Plateau, it is necessary to
explore the responses of soil-atmosphere carbon
dioxide (CO2) exchange to N addition.

Methods Based on a multi-form, low-level N addition
experiment, soil CO2 effluxes were monitored weekly
using the static chamber and gas chromatograph
technique. Soil variables and aboveground biomass
were measured monthly to examine the key driving
factors of soil CO2 efflux.
Results The results showed that low-level N input tended
to decrease soil moisture, whereas medium-level N input
maintained soil moisture. Three-year N additions slightly
increased soil inorganic N pools, especially the soil
NH4

+-N pool. N applications significantly increased
aboveground biomass and soil CO2 efflux; moreover,
this effect was more significant from NH4

+-N than from
NO3

−-N fertilizer. In addition, the soil CO2 efflux was
mainly driven by soil temperature, followed by above-
ground biomass and NH4

+-N pool.
Conclusions These results suggest that chronic atmo-
spheric N deposition will stimulate soil CO2 efflux in
the alpine meadow on the Qinghai–Tibetan Plateau by
increasing available N content and promoting plant
growth.

Keywords Atmospheric N deposition . Soil N
availability . Soil CO2 efflux . Driving factors . Alpine
meadow

Introduction

Human activities in the past few decades, including
fossil fuel combustion, fertilizer production and
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cultivation, have led to substantial increases in
atmospheric nitrogen (N) deposition that may signifi-
cantly alter the carbon (C) and N cycles of terrestrial
ecosystems (Galloway et al. 2008). Anthropogenic
reactive N emissions have increased from 15 Tg yr−1

before 1860 to 187 Tg yr−1 in 2005, and about 60% of
the reactive N re-enters into the terrestrial and aquatic
ecosystems by wet and dry deposition (Galloway et al.
2004, 2008). Over the same period, the global N
deposition has increased from 34 to 105 Tg yr−1 and is
expected to double over the next 25 years (Neff et al.
2002; Galloway et al. 2008). In China, the mean of dry
and wet N deposition is estimated at 12.9 kg N
ha−1 yr−1, this is significantly higher than the global
average (Lü and Tian 2007). The increase in atmo-
spheric N deposition can alter rates of C and N cycles
of terrestrial ecosystems, and thus affect the structure
and function of terrestrial ecosystems. Up to now, the
effects of atmospheric N deposition on C sequestration
in terrestrial ecosystems are highly variable, including
increased C sequestration (Magnani et al. 2007),
increased C source (Bragazza et al. 2006) and no
changes (de Vries et al. 2008). The diverse experimen-
tal results indicate that more observations are required
to understand the regulatory mechanism of N to key C
processes in terrestrial ecosystems.

Soil CO2 efflux is an important process of C
cycling in terrestrial ecosystems, vulnerable to climate
warming (Luo et al. 2001), changing precipitation
(Huxman et al. 2004), increased CO2 concentrations
(Gill et al. 2002), and N deposition (Mo et al. 2008).
Since the soil C pool is huge, a small change (0.1%)
of this pool will lead to an increase of 1 mg m−3 in
atmospheric CO2 concentration, which is about 1.5%
of the ambient annual soil CO2 efflux (98±12 Pg C)
(Eswaran et al. 1993; Bond-Lamberty and Thomson
2010). Similarly, the responses of soil CO2 effluxes to
N deposition vary, including promotion (Magill et al.
1997), inhibition (Mo et al. 2008) and no change
(Micks et al. 2004). This inconsistency is related to
the following aspects: (1) soil CO2 efflux is composed
of root autotrophic respiration, rhizosphere heterotro-
phic respiration and microbial decomposition of soil
organic matter, and they may respond differently to N
additions (Mo et al. 2007, 2008) and (2) soil CO2

efflux is affected by soil temperature, soil moisture
and available nutrients (Dalal and Allen 2008). For
example, N additions can decrease soil moisture
through promoting plant transpiration and soil evap-

oration (Inouye 2006); meanwhile, it can also increase
soil moisture because of increased vegetation shade
(Ma 2009). Soil moisture changes will further affect
soil CO2 efflux. In addition, the relative contribution
of NO3

− to soil CO2 efflux differs from NH4
+ (Fang et

al. 2010). To the best of our knowledge, few studies
have been conducted to examine the effects of forms
and levels of added N on soil CO2 efflux, especially
in monitored field experiments.

Up to now, N addition experiments in China have
mainly been conducted in forests (Mo et al. 2008),
wetlands (Song et al. 2006), and temperate grassland
ecosystems (Niu et al. 2010). In contrast, alpine
grassland ecosystems have not been investigated as
much due to low-level N deposition in these regions.
The Qinghai–Tibetan Plateau grassland has a vast area
of 51.7×104 km2 and a high soil organic C density
(9.05 kg m−2) (Yang et al. 2008). Soil C storage at 1 m
depth is estimated at 4.68 Pg C, accounting for about
1/20 of total soil C storage in China (Yang et al. 2008).
Due to regional economic development and long-range
transport of atmospheric reactive N, atmospheric N
deposition is very obvious in the eastern Qinghai–
Tibetan Plateau, ranging from 8.7 to 13.8 kg N
ha−1 yr−1 (Lü and Tian 2007). In contrast to high N
deposition, low N input can also significantly change
the interaction between plant and soil microbes, and
further increase soil N availability and C sequestration
in the N-limited alpine meadow ecosystem (Xu et al.
2004). To clarify the mechanism of C turnover in the
alpine meadow, it is necessary to deeply explore the
responses of soil CO2 efflux to N addition.

This study was designed to: (1) examine the effects of
the forms and levels of N addition on the main factors
driving soil CO2 efflux, including soil variables
(temperature, moisture, inorganic N) and aboveground
biomass; (2) clarify the effects of the forms and levels
of added N on soil CO2 efflux in the alpine meadow;
(3) evaluate the relationships between soil CO2

effluxes and soil variables and aboveground biomass
under different levels and forms of N addition.

Materials and methods

Study site

This study was conducted at the Haibei alpine meadow
ecosystem research station, Chinese Academy of Scien-
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ces (37°37 'N, 101°19' E). The terrain is flat and open
with an elevation of 3220 m. The region is character-
ized by a typical plateau continental climate, with long,
cold winters and cool, rainy summers. Mean monthly
temperature varies from −14.8°C in January to 9.8°C in
July, with a mean annual temperature of −1.7°C. Mean
annual precipitation is 580 mm, of which more than
80% appears in May to September (Zhou 2001). The
vegetation type is a typical Kobresia humilis meadow.
Dominant species are Kobresia humilis, Saussurea
superba, Potentilla saundersiana, Leontopodium nanum,
Lancea tibetica, Festuca ovina, Festuca rubra, Stipa
aliena, Elymus nutans, Helictotrichon tibetica, Koeleria
cristata and Poa crymophila. The study area is subject
to light grazing with about three sheep ha−1; the
vegetation coverage ranges between 90 and 95% (Cao
et al. 2004). The soils developed in the Kobresia
meadow are Mat–Gryic Cambisol, corresponding to
Gelic Cambisol (Zhou 2001).

Experimental design

To simulate deposition of major ions such as NH4
+,

NO3
−, Cl−, SO4

2−, and K+, three N fertilizers, including
NH4Cl, (NH4)2SO4 and KNO3, were used in this study.
According to the local level of atmospheric N
deposition at the Haibei station (8.7–13.8 kg N
ha−1 yr−1), three levels referred to as low N (10 kg N
ha−1 yr−1), medium N (20 kg Nha−1 yr−1), and high N
(40 kg Nha−1 yr−1) were used to simulate a future
increase in the atmospheric N deposition by 1-, 2- and
4-fold. A control treatment was designed at each N
addition level to calculate the net effect of N addition
and to eliminate the interference of micro-topography
heterogeneity. Each N treatment was replicated three
times, a total of 36 plots. Each plot was 9 m2 in area
(3 m×3 m) and the plots were separated by 2 m wide
buffer strips. N fertilizer solutions were sprayed on the
plots once a month in 12 equal applications over the
entire year, and control plots received 12 equivalent
deionized water applications only. All plots are winter
pastures, i.e. not grazed in the growing season and
grazed in the non-growing season. Chronic N treat-
ments started from May of 2007.

Soil CO2 efflux measurement

At each plot, a square chamber and collar (0.125 m3)
was designated to measure CO2 efflux using a static

opaque chamber and gas chromatography method
(Wang and Wang 2003). The collar was inserted to
10 cm soil depth. A fan with a diameter of 10 cm was
installed inside each chamber to make turbulence
when the chamber was closed. White insulating
material covered the outside of the stainless steel
covers to reduce the impact of direct radiative heating
during the sampling. The soil CO2 efflux was
measured between 9:00 and 11:00 am (China Stan-
dard Time, CST) by fitting the chambers to the collars
for 30 min (Fang et al. 2010). Four gas samples were
taken using 100 ml plastic syringes at intervals of 0,
10, 20 and 30 min. after closing the chambers. All gas
samples were analyzed within 24 h following gas
collection. Soil CO2 effluxes were calculated based on
their rate of concentration change within the chamber,
which was estimated as the slope of linear regression
between concentration and time (Wang and Wang
2003). All the coefficients of determination (r2) of the
linear regression were greater than 0.95 in our study.
Soil CO2 effluxes were measured weekly during the
growing season.

Measurements of soil temperature, moisture
and aboveground biomass

Soil temperature at the surface, 5 cm, 10 cm and soil
moisture at 10 cm below soil surface were monitored
at each chamber simultaneously. Soil temperature was
measured using portable temperature probes (JM624
digital thermometer, Living–Jinming Ltd., China).
Volumetric soil moisture (m3 m−3) was measured
using moisture probe meter (MPM160, Meridian
Measurement, China). Aboveground biomass was
measured by cutting plants at the ground level
followed by drying at 60°C to a constant weight.
For each vegetation analysis, one 25 cm×25 cm
square area within 1 m from the flux chamber was
harvested. During the growing season, soil tempera-
ture and moisture were determined weekly, and
aboveground biomass was measured monthly.

Soil sampling and mineral N analysis

On the 15th day of each month during the growing
season, soil samples were taken nearby the flux
chambers from 0–50 cm depth at an interval of 10 cm
using an auger (2.5 cm in diameter). Five sub-samples
were collected at each site. Soils were immediately
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passed through a 2 mm sieve to remove roots, gravel and
stones. Soil subsamples were extracted in 0.2 M KCl
solution (10 g: 100 ml) and shaken for 1 h. The soil
suspension was subsequently filtered through Whatman
No. 40 filter papers for NH4

+-N and NO3
−-N determi-

nation on a continuous-flow autoanalyzer (Bran
Luebbe, Germany). Taking the contribution of available
N in the entire soil profile into account, soil NH4

+-N
and NO3

−-N storages (g m−2) at each plot were
calculated based on values of soil bulk density and
gravel percentage at each layer.

Statistical analysis

We used three-factors repeated measures multivariate
analysis of variance (MANOVA) with N forms, N levels
and months as main effects to test differences in soil
temperature, soil moisture, aboveground biomass, inor-
ganic N storages and soil CO2 effluxes. Comparisons of
the means were conducted using the Tukey’s HSD
(Honestly Significant Difference) test. The relationships
between soil CO2 efflux, soil temperature, soil moisture
content, soil inorganic N pools and aboveground
biomass were analyzed using regression analysis.
Multiple procedures were used to test the contribution
of significant variables to soil CO2 efflux, including 1)
the sole contribution of each continuous/categorical
variable, 2) nonlinear regression of continuous variables
soil temperature and soil moisture based on scatter plots
and literature results, 3) overall effects of these
independent variables and their co-linearity using a
forward stepwise method with an entry significance
level of 0.05 and exit significance level of 0.10, which
eliminated variable soil moisture from the model.
Finally, multiple nonlinear regression models were built
for soil temperature, NH4

+-N, aboveground biomass, N
level and N form. All statistical analyses were
conducted using the SAS software package (version
8.2). Statistical significant differences were set with p
values<0.05 unless otherwise stated.

Results

Effects of N addition on soil temperature and soil
moisture content

During the growing season, the surface temperature
fluctuated greatly, which correlated with the weather

conditions (Fig. 1a–c). Soil temperature at the 5 cm
and 10 cm depths changed as a mono-peak curve, i.e.
soil temperature at two soil depths was the lowest in
early May, gradually reached the maximum value at
the end of July, and then decreased (Fig. 1a–c). The
soil temperature at the 5 cm and 10 cm depths ranged
from 3.2 to 15.9°C, and the difference in average soil
temperature between two depths was less than 0.1°C
(Fig. 1f). There was no significant difference in soil
temperature at the surface, 5 cm and 10 cm depths
among various N addition levels (Fig. 1d–f, p>0.05).

In contrast to soil temperature, soil moisture content
showed an overall single parabolic curve. High soil
moisture contents occurred in early May and late
September, which was attributed to the soil freezing-
thawing process. Meanwhile, most of the variations in
soil moisture appeared in the early season to the peak
growing season, and there was no difference after June
or July (Fig. 2a–c, Table 1, p=0.051). At the same level
of N addition, the soil moisture content in different
types of N addition showed a similar trend, where low
and high levels of N addition tended to decrease soil
moisture, while medium N tended to increase soil
moisture (Fig. 2d–f). Repeated measures ANOVA
results indicated that low N significantly decreased
soil moisture content, while medium N significantly
increased soil moisture content (Fig. 2f, Table 1, p<
0.0001). In addition, all three levels of KNO3 fertilizer
additions altered soil moisture contents, while only low
and high levels of (NH4)2SO4 fertilizer significantly
decreased soil moisture contents (Fig. 2f). The effects
of NO3

−-N additions on soil moisture contents were
slightly stronger than for NH4

+-N (Table 1, p=0.094).
Also, there was a significant interaction between the
time and N form and the time and N level (Table 1, p<
0.001 and p=0.006).

Effects of N addition on soil inorganic N pools

Soil NH4
+-N pool was higher during the growing

season than before and after the season, showing
obvious seasonal dynamics (Fig. 3a–c, Table 1, p=
0.003). In the control plots, the monthly NH4

+-N pool
in the alpine meadow soil ranged from 1.83 to 7.86 g
m−2, with an average of 4.01±0.30 gm−2 (Fig. 3a–c).
Levels rather than forms of N addition had subtle
effects on soil NH4

+-N pool (Table 1, p=0.065). In
2008, low and medium levels of N addition tended to
increase the soil NH4

+-N pool, while high levels of N
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addition reduced the soil NH4
+-N pool (Fig. 3d).

However in 2009, low N reduced, while medium and
high N trended to increase the soil NH4

+-N pool
(Fig. 3e).
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The monthly variation of the soil NO3
−-N pool

was not consistent with that of the soil NH4
+-N pool.

Maximum peaks in the soil NO3
−-N pool occurred in

June or July, and the minimum was observed in
August or September (Fig. 4a–c). In the control
plots, the monthly NO3

−-N pool in the alpine
meadow soil ranged from 0.59 to 3.14 gm−2, with

an average of 1.47±0.12 gm−2, which was lower
than the soil NH4

+-N pool (Fig. 3 and Fig. 4).
Overall, the levels and forms of N addition tended to
increase soil NO3

−-N (Fig. 4d–f); however, the
difference between the N addition treatment and the
control was not significant (Table 1, p=0.276 and p=
0.139) while, the differences among various N levels

Table 1 Results of repeated measures ANOVAs on the effects of time, N level, N form and their interactions on soil variables,
aboveground biomass and soil CO2 efflux from 2008 to 2009

Source of variation Soil moisture Soil NH4
+-N pool Soil NO3

−-N pool Aboveground biomass Soil CO2 efflux

F p F p F p F p F p

Between subjects

N level 19.46 <0.001 2.86 0.065 1.32 0.276 2.34 0.105 26.40 <0.001

N form 2.38 0.094 0.64 0.529 2.04 0.139 0.27 0.768 3.34 0.037

N level×N form 1.11 0.354 2.38 0.061 0.91 0.466 0.37 0.832 3.73 0.006

Within subjects (Multivariate)

Time 2.40 0.051 4.05 0.003 1.51 0.2 6.43 <0.001 8.13 <0.001

Time×N level 4.03 <0.001 2.67 0.006 2.48 0.01 2.46 0.017 4.72 <0.001

Time×N form 2.73 0.006 0.51 0.878 0.52 0.876 0.56 0.806 1.21 0.289

Time×N level×N form 1.10 0.347 1.21 0.247 0.69 0.833 1.08 0.372 1.17 0.284
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were significant in the same month (Table 1, p=
0.01).

Effect of N addition on aboveground biomass

Aboveground biomass showed significant seasonal
variation, with the lowest in May, gradually increasing
and reaching the maximum in August, followed by a
decline (Table 1, p<0.001, Fig. 5a–c). In the control
plots, aboveground biomass in the alpine meadow
ranged from 147.6 to 581.3 gm−2, with an average of
356.4±9.9 gm−2 (Fig. 5a–c). Overall, N addition
significantly increased aboveground biomass (Table 1,
p=0.011). In 2008, medium and high N tended to
increase aboveground biomass, while low N decreased
aboveground biomass (Fig. 5d). In 2009, N addition
consistently increased aboveground biomass (Fig. 5e).
However, there was no significant difference between
N forms (Fig. 5f, Table 1, p=0.768).

Effects of N addition on soil CO2 efflux

Similar to soil temperature, soil CO2 efflux showed a
single-peak pattern, with the minimum and maximum

occurring in May and early August, respectively
(Fig. 6a–c). In the control plots, the soil CO2 effluxes
ranged from 33.0 to 272.8 mg CO2-C m−2 h−1, with
an average of 148.6±10.9 mg CO2-C m−2 h−1

(Fig. 6a–c). In 2008, low N additions decreased soil
CO2 effluxes, while medium and high N demonstrat-
ed an opposite trend (Fig. 6e). In 2009, N addition
tended to promote soil CO2 effluxes and this effect
increased with the N addition levels (Fig. 6e). In
addition, medium or high levels of (NH4)2SO4 and
NH4Cl rather than KNO3 significantly increased soil
CO2 effluxes, indicating that the promoting effects of
NH4

+-N were more significant than NO3
−-N (Fig. 6d–

f, Table 1, p=0.037).

Relationships between soil CO2 effluxes
and environmental variables

Soil CO2 effluxes were positively correlated with soil
temperature at the 5 cm depth, while negatively
correlated with soil moisture at the 10 cm depth
(Fig. 7a–b, Table 2, p<0.0001). The correlation
between soil CO2 effluxes and soil temperature and
soil moisture content were demonstrated with expo-
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nential equations (Fig. 7a–b). Also, soil CO2 effluxes
were positively correlated with the soil NH4

+-N pool
rather than the soil NO3

−-N pool (Fig. 7c–d, Table 2,
p<0.0001). Similarly, the soil CO2 effluxes were
linearly correlated with aboveground biomass
(Fig. 7e, Table 2, p<0.0001). All significant contin-
uous variables (soil temperature, aboveground bio-
mass, soil NH4

+-N pool) and categorical variables (N
level and N form) could as a whole explain more than
90% of the variation in soil CO2 effluxes (Table 2).
Regression analysis indicated that soil CO2 efflux was
mainly controlled by soil temperature, followed by
biomass and the NH4

+-N pool (Table 2). Except soil
temperature, the effects of other environmental vari-
ables on soil CO2 efflux and the coefficient of
categorical variables in the regression equation grad-

ually increased with the increasing N addition level
(Table 2). Taking N forms as categorical variables, the
contribution of N addition to soil CO2 efflux was
higher from NH4

+-N than from NO3
−-N, especially

for (NH4)2SO4 (Table 2).

Discussion

N addition changes soil variables and plant growth

Theoretically, the variation of soil moisture content
depends on the dynamic balance between the input by
precipitation and the loss by soil evaporation and
plant transpiration (Yepez et al. 2005). This study
showed that low-level N addition tended to decrease
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soil moisture, while medium level N addition tended
to increase soil moisture (Fig. 2). In the study,
precipitation was the same among the plots, and thus
the differences in soil moisture content among the
different N addition plots could be attributed to the
differences in soil evaporation and plant transpiration
among the plots (Lauenroth and Bradford 2006).
Inouye (2006) reported that long-term N addition
significantly decreased soil moisture content in
sagebrush steppe in SE Idaho, USA. Xia et al.
(2009) found that N addition did not affect soil
moisture content at the 10 cm depth of the steppe soil
in Inner Mongolia, but significantly increased eco-
system C turnover. In contrast, Ma (2009) reported
that N addition increased soil moisture content at
10 cm depth by 0.015 m3 m−3 in the Changling
meadow. These studies suggest that the responses of
soil moisture dynamisms to N addition are ambigu-
ous, and the driving mechanism beyond this pattern
needs to be further examined.

The dynamic of soil inorganic N pools is the
balance between exogenous N inputs, soil N miner-
alization, N immobilization, plant uptake, removal by
livestock, leaching and nitrogenous gas effluxes in
pasture ecosystems (Ammann et al. 2009). Since soil
available N and rainfall are low in the alpine meadow
ecosystem, soil inorganic N leaching was negligible
(Xu et al. 2006). Also, our previous study showed that
N addition did not increase soil N2O efflux on the
short time scale (Jiang et al. 2010). Consequently, the
dynamics of soil NH4

+-N and NO3
−-N pools under N

addition was mainly determined by the inorganic N
input (N addition and mineralization) and losses by
plant uptake and removal by livestock. Low-level N
addition could not maintain soil NH4

+-N content,
whereas medium and high levels of N addition were
conductive to the accumulation of soil NH4

+-N and
NO3

−-N pools (Fig. 3 and Fig. 4). Meanwhile, N
addition significantly increased aboveground biomass
(Fig. 5). These results suggest that, under the low N
deposition scenario (≤10 kg Nha−1 yr−1), the loss of
soil inorganic N through the accelerated uptake of
vegetation and the subsequent removal by livestock
exceeded the input of soil inorganic N from N
addition and soil organic N mineralization. When
exogenous N input was higher than 20 kg Nha−1 yr−1,
soil inorganic N began to accumulate. In contrast to
the soil NH4

+-N pool, the soil NO3
−-N pool was not

responsive to N addition (Fig. 3, Fig. 4 and Table 1),T
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which very likely was correlated with the competition
and use of soil inorganic N between plants and soil
microorganisms. In the N-limited alpine meadow, the
ability of plants to capture soil inorganic N was much
stronger than that of soil microorganisms. Moreover,
plants prefer to use soil NO3

−-N rather than soil
NH4

+-N during the entire growing season (Song et al.
2007). This may be the main reason for the lack of
NO3

−-N accumulation in the soil N pool after 3-years
of chronic N additions.

Effects of levels of N addition on soil CO2 effluxes

Atmospheric N deposition tends to inhibit soil CO2

efflux and promote ecosystem carbon sequestration
(Micks et al. 2004; Magnani et al. 2007; Mo et al.
2008). The inhibiting mechanisms include a decrease
in litter decomposition (Franklin et al. 2003; Janssens
et al. 2010), a reduction in fine root and soil microbial
biomass and their activities (Frey et al. 2004;
DeForest et al. 2004; Mo et al. 2008). The study also
found that the low level of N addition did not
significantly promote soil CO2 efflux, but even
showed a significant inhibition in the initial period
of N addition (Fig. 6d). The inherent inhibiting
mechanisms differed from those in other studies.
Based on the combined multiple regression results,
soil CO2 efflux was mainly controlled by soil
temperature, followed by aboveground biomass and
the soil NH4

+-N pool (Table 2). It could be stated that
the soil CO2 efflux was not affected by the variations
in soil moisture. The decrease in soil CO2 efflux from
low N addition was mainly attributed to the decrease
of aboveground biomass (Table 2). In the low N plots,
most of the applied N is sequestered within the
aboveground biomass, and the very conservative N
cycling in aboveground plant biomass potentially
leads to reduced C allocation to root systems, which
in turn could decrease soil CO2 efflux (Burton et al.
2004). To our knowledge, the current study is the first
to report this phenomenon, and the different inhibition
mechanisms need to be further emphasized.

The significant promotion of soil CO2 effluxes by
medium and high levels of N addition in our study
confirms findings in previous studies on short-term N
addition experiments in N-limited natural ecosystems
(Magill et al. 1997; Bowden et al. 2004). The increase
in soil CO2 efflux with high N addition was mainly
attributed to the increase of aboveground biomass and

soil NH4
+-N pool (Table 2). Overall, the dynamics of

soil inorganic N dominated the various responses of
soil CO2 efflux to N addition. For the N-limited alpine
meadow ecosystem, the most energy produced by root
respiration was used to absorb soil inorganic N
(Bloom et al. 1992). The short-term N addition did
not significantly accumulate in the soil inorganic N
pools (Fig. 3, Fig. 4 and Table 1), and the alpine
meadow ecosystem remains limited in available N.
Therefore, plants absorb low amounts of available N
and the consumed energy by plant roots increases,
which will promote root respiration and surface soil
CO2 efflux (Bowden et al. 2004). In addition, some
studies propose that N addition can alter the propor-
tion of legume and non-legume plants (Stevens et al.
2004; Clark and Tilman 2008), which further affects
soil CO2 efflux by altering the potential productivity
of a species and total belowground C allocation
(Craine et al. 2001). Generally, the most productive
species preferentially utilize the most abundant N
form while less productive species use less abundant
N forms in N-limited terrestrial ecosystems (McKane
et al. 2002). However, our additional data on plant
diversity showed that three-year N addition did not
change species richness of legume, grass, sedge, and
forbs as well as the Shannon–Wiener index (Fig. S1).
Therefore, the contribution of plant community
composition to the change of soil CO2 efflux caused
by N addition is negligible.

Effects of forms from N addition on soil CO2 effluxes

Our studies showed that the promotion of NH4
+-N to

soil CO2 efflux was higher than for NO3
−-N fertilizer

(Fig. 6 and Table 2). Theoretically, NO3
−-N and

NH4
+-N should have contrasting effects on rates of

carbon turnover because of their opposite ion charges.
First, the less sensitive response to NO3

− amendment
is that NO3

- ions are generally very mobile in soil
because they are negatively charged (Currey et al.
2010). Consequently, NO3

− ions may not be present
in the treated plots as long or at the same concentra-
tion as NH4

+ ions, which are positively charged and
are more strongly adsorbed onto exchange sites in the
soil matrix. The accumulation of soil NH4

+ -N and
NO3

−-N pools with N addition level and time appears
to support this deduction (Fig. 3 and Fig. 4).
Secondly, the impact on soil acidity caused by NO3

−

and NH4
+ additions are different, which will further
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differentiate the impact on soil microbial activity
involved in C turnover. In N-limited ecosystems,
NO3

− additions generally decreased soil pH (Currey
et al. 2010). This decrease was likely enhanced by the
fact that NO3

− was added as KNO3 supplying soil
with K+ ions and this K+ replaces H+ in soil exchange
sites leading to increases in the concentration of H+ in
soil solution (Killham 1994). Soil pH values in the
NH4

+ amended plots remained relatively constant or
slightly decreased (Fig. S2). Moreover, although
plants prefer to take up soil NO3

−-N (Song et al.
2007), soil NH4

+-N, the most abundant form of N in
soil solution, dominates the promotion of added
inorganic N to soil CO2 efflux. With increasing soil
NO3

− availability, the relationship between soil CO2

efflux and soil NO3
−-N content might become

stronger (Fang et al. 2010). Finally, NH4
+-treated

soils in the alpine meadow may have the potential to
turn over labile sources of C more rapidly than soils
with NO3

− amendments. Currey et al. (2010)
reported that NH4

+ amendments had a stronger effect
on the potential usage of labile carbon in an
ombrotrophic peatland, with an increase in mineral-
ization of most carbon substrates. The exact cause of
this response is uncertain and could result from
changes in microbial biomass, community composi-
tion physiology (McAndrew and Malhi 1992). The
responses of soil microbial activities to N forms
should be further investigated.

Conclusions

In this study, the early effects of various N forms and
N levels on soil temperature, soil moisture, soil
available N, and aboveground biomass and soil CO2

effluxes in an alpine meadow on the Qinghai–Tibetan
Plateau were examined to explore the main driving
factors of soil CO2 effluxes. The main conclusions are
summarized as follows:

(1) N addition does not alter soil temperature, but
significantly affects soil moisture content. Low N
additions tend to decrease soil moisture, whereas
medium N additions are favorable to maintain soil
moisture. A certain amount of N addition is needed
to significantly increase aboveground biomass,
and the effect increases with the time of N addition.
Low-level N deposition could not maintain soil

NH4
+-N storage, and three-year N addition only

slightly accumulates the soil NO3
−-N pool.

(2) The CO2 effluxes from alpine meadow soil are
sensitive to exogenous N input. Although medi-
um and high N addition (≥20 kg Nha−1)
significantly stimulates soil CO2 effluxes, low
N addition (≤10 kg Nha−1) inhibits soil CO2

efflux. Moreover, the stimulation effect on CO2

effluxes is greater from NH4
+ than from NO3

−

addition. Generally, soil CO2 efflux is mainly
determined by soil temperature, followed by
vegetation biomass and soil NH4

+-N content. N
addition affects soil CO2 effluxes through alter-
ing plant growth and soil carbon turnover.
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