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Abstract Nitrogen addition to soil can play a vital role in
influencing the losses of soil carbon by respiration in
N-deficient terrestrial ecosystems. The aim of this study was
to clarify the effects of different levels of nitrogen fertil-
ization (HN, 200 kg N ha~' year™'; MN, 100 kg N ha™'
year '; LN, 50 kg N ha~! year™!) on soil respiration
compared with non-fertilization (CK, 0 kg N ha™' year™"),
from July 2007 to September 2008, in temperate grassland
in Inner Mongolia, China. Results showed that N fertilization
did not change the seasonal patterns of soil respiration,
which were mainly controlled by soil heat-water conditions.
However, N fertilization could change the relationships
between soil respiration and soil temperature, and water
regimes. Soil respiration dependence on soil moisture was
increased by N fertilization, and the soil temperature sen-
sitivity was similar in the treatments of HN, LN, and CK
treatments (Q;o varied within 1.70-1.74) but was slightly
reduced in MN treatment (Q;¢9 = 1.63). N fertilization
increased soil CO, emission in the order MN > HN > LN
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compared with the CK treatment. The positive effects
reached a significant level for HN and MN (P < 0.05) and
reached a marginally significant level for LN (P = 0.059
< 0.1) based on the cumulative soil respiration during the
2007 growing season after fertilization (July—September
2007). Furthermore, the differences between the three fer-
tilization treatments and CK reached the very significant
level of 0.01 on the basis of the data during the first entire
year after fertilization (July 2007—June 2008). The annual
total soil respiration was 53, 57, and 24% higher than in
the CK plots (465 g m™~ year™'). However, the positive
effects did not reach the significant level for any treatment
in the 2008 growing season after the second year fertiliza-
tion (July—September 2008, P > 0.05). The pairwise dif-
ferences between the three N-level treatments were not
significant in either year (P > 0.05).

Keywords Soil respiration - Nitrogen fertilization -
Temperate grassland - China

Introduction

Soil respiration (Soil CO, emission) is the main pathway of
carbon emission from soil to atmosphere in terrestrial
ecosystems and an important source of atmospheric CO,
(Fang et al. 1998). Annual global soil respiration is esti-
mated at 68—100 Pg year ' of C (Raich and Schlesinger
1992; Raich and Potter 1995), accounting for almost 10%
of the atmospheric CO, cycles (Raich and Schlesinger
1992; Raich and Potter 1995) and more than 11 times of the
CO, released from fossil fuel combustion (Marland et al.
2000). Therefore, knowledge of soil respiration dynamics
and its controlling factors in different terrestrial ecosystems
is essential to find proper management policies and
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relevant technologies to decrease soil CO, emissions and
enhance carbon sequestration.

Nitrogen has been regarded as a significant factor
controlling soil respiration in N-deficient terrestrial eco-
systems. Especially in the next few decades, with
increasing rates of anthropogenic N deposition (Galloway
et al. 1994; Mosier et al. 2002) and application of fer-
tilizer, much N is to enter terrestrial ecosystems. This will
change soil N status and plant N concentrations
(Houghton 2002; Magill et al. 1997). As a result, this will
affect plant growth (Nadelhoffer et al. 1999), microbial
activities (Compton et al. 2004; Frey et al. 2004), litter
decomposition (Magill and Aber 1998), and root respi-
ration (Vose and Ryan 2002), and thus soil respiration is
expected to change. Many studies on the effect of N
additions on soil respiration have been conducted in forest
ecosystems (Bowden et al. 2000, 2004; Burton et al.
2004; Micks et al. 2004), agricultural ecosystems (Ding
et al. 2007; Al-Kaisi et al. 2008), and a few grassland
ecosystems in Europe (Jones et al. 2006) or in North
America (de Jong 1974), but little information is available
for many other grassland ecosystems, especially for those
in China.

In China, grassland is the most widespread land use
type, occupying about 40% of the nation’s total land area
(Sun 2005; Kang et al. 2007). About 78% of the grass-
lands are located in the northern temperate arid and
semiarid area (Chen and Wang 2000); severe climate
conditions together with overgrazing make most of the
areas suffer from desertification or degradation, and
maintain N-deficient status (Zhang and Han 2008; Cao
et al. 2004; Hooper and Johnson 1999). However, how
soil respiration responds to N additions from global N
deposition or anthropogenic N fertilization in this
N-deficient ecosystem is still unclear. Previous researches
have focused on the effects of water-heat environmental
factors (Luo et al. 2001; Jia et al. 2006), grazing (Cao
et al. 2004), land-use change (Qi et al. 2007), and fire (Xu
and Wan 2008) on soil respiration. Few details about the
effect of nitrogen (N) addition on soil respiration were
reported in those studies.

In order to understand how N addition affects soil res-
piration in this N-deficient grassland and to find suitable
grassland management measures, we chose a typical
semiarid temperate grassland in Inner Mongolia, China, to
carry out an in situ N fertilization experiment with different
levels of N input. At the same time, considering soil tem-
perature and water conditions to be the most crucial vari-
ables regulating soil respiration of grassland in its natural
state (Dong et al. 2005; Fang and Moncrieff 2001), we also
studied the effects of nitrogen fertilization on the rela-
tionship between soil respiration and soil heat-water
conditions.
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Materials and methods
Site description

The experiment site is located at a Leymus chinensis steppe
(43°33'10"N, 116°40'29"E, 1,265 m above mean sea level)
in Baiinxile pasture, Xilin River Basin, Inner Mongolia,
China. The climate is a semi-arid, temperate climate with
a mean annual temperature of —0.4°C, ranging from
—21.41°C in January to 18.53°C in July. The mean annual
precipitation is about 350 to 450 mm (70% falling between
July and September). The soil is classified as chestnut soil
in Chinese classification or Calcic-orthic Aridisol in Soil
Taxonomy classification. The soil depth changes between
100 and 150 cm and the A horizon is about 20-30 cm. The
soil contains 60% of sand and 21% of clay sized particles.
A soil property survey was made in June 2007, before
initiation of the experiment (Table 1). The grass commu-
nity is dominated by Leymus chinensis, Stipa grandis,
Agropyron michnoi and Cleistogenes squarrosa, which
also dominate the community throughout the entire Xilin
Basin.

Experimental design

A plot was selected with its flat topography and uniform
vegetation distribution in June 2007, which measured
35 m x 41 m. Then, 12 sub-plots (11 m x 6 m) were
divided and marked as four different N fertilizer treatments
with three replications each in a complete randomized
block design. All of the sub-plots were separated by a 1-m-
wide buffer strip in order to minimize the disturbance from
neighboring treatments. The four treatments were (1) cal-
cium ammonium nitrate N at a high level (HN;
200 kg N ha™! yearfl); (2) calcium ammonium nitrate N
at a medium level (MN; 100 kg N ha~' year™"); (3)
calcium ammonium nitrate N at a low level (LN;
50 kg N ha™! yearfl), and (4) a zero-N control (CK). All
fertilizers were applied in two splits over 1-year period:
one half of the amount was applied on the Ist or 2nd of
July, and the other half was applied on the 1st or 3rd of
August. During each application, fertilizer was weighed,
mixed with 20 L of water, and applied to each plot using a
backpack sprayer. Two passes were made across each plot
to ensure even distribution of fertilizers. The control plot
received 20 L of water without N.

Soil respiration rates

Carbon dioxide sampling was initiated 3—4 days after each
fertilization at all plots and time interval between sam-
plings was 4-6 days during the first month (July—August).
Then, the sampling frequency was reduced to three times a
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Table 1 Soil physiochemical properties of the sampling site

Soil sampling depth (cm) Organic C (%) Total N (%) C/N

NH,"—N (mg kg™") NO; —N (mg kg™")

Soil bulk density (g cm™)

0-10 1.995 0.188 10.625
10-20 1.496 0.160 9.333
20-30 1.301 0.131 9.912

1.43
1.38
0.85

1.91 1.22
1.47 1.28
0.75 1.28

month during the rest of the growing season (September,
May and June) and once a month in the non-growing
season. The CO, gas sampling was taken using a static
closed opaque chamber technique (Clayton et al. 1994;
Dong et al. 2000; Zou et al. 2004). In this study, the static
closed opaque chamber was made of 8-mm-thick black
acrylic material with a tinfoil reflecting surface covering
each side. The inner dimension of the chamber was
50 x 40 x 30 cm (Dong et al. 2000; Qi et al. 2007). The
day before each sampling, all the green and standing-dead
vegetation were clipped to the ground level. During the
course of measurement, the sampling chambers were put
into the groove of a stainless steel chamber base which was
inserted into the soil to a depth of 5 cm, and the groove was
sealed with distilled water. All the samples were taken at a
relatively uniform time, mostly at around 09:00-11:00 in
the morning. Gas sampling lasted for 21 min, and gas
samples were extracted from the chamber at 0, 7, 14, and
21 min, respectively, after capping. Each time, about
100 mL of gas was extracted from the chamber through a
syringe and collected in polyethylene-coated aluminum gas
bags. Shortly after the sampling, the gas bags were brought
to the laboratory, and CO, concentration was measured
with a Li-6252 infrared carbon dioxide analyzer (LICOR
Inc., Lincoln, NE, USA).

Environmental factors

Air temperature, soil temperatures (at 0, 5, and 10 cm
below the soil surface), and the internal temperature of the
chamber were recorded at the time of the gas sampling.
Temperature in the chamber was measured with a tem-
perature sensor; air temperature was measured with a
DHM?2 mechanical ventilated thermometer; and soil tem-
peratures at 0, 5 and 10 cm were measured with a SN2202
digital thermodetector produced by the Sinan Instruments
Plant of Beijing Normal University. In order to determine
soil water content, soil cores were also collected from three
depths (0-10, 10-20 and 20-30 cm) simultaneously; they
were immediately placed in labeled airtight bags and
transferred to the laboratory. Each soil core was weighed to
obtain its field-dry weight and dried for 24 h at 105°C.
Then, the gravimetric soil moisture content of soil samples
was calculated.

Data analysis

The method used to calculate CO, fluxes and cumulative
fluxes was that described by Dong et al. (2000). Annual
average CO, emission for each treatment was calculated as
the mean of the annual cumulative fluxes of the three
chambers. Each sampling date was considered the midpoint
of a sampling period, and the annual cumulative flux was
the sum of C respired during the whole observed year from
July 2007 to June 2008. One-way analysis of variance
(ANOVA) with Tukey’s HSD test was used to test the
differences in cumulative respiration rates among N treat-
ments. One-way ANOVA with LSD was also performed to
determine the pairwise differences in temperature sensi-
tivity of soil respiration between all N treatments. Corre-
lation and linear or non-linear regression analyses were
used to explore the relationships between soil temperature
or soil moisture and soil respiration rates. All analyses were
performed with the SPSS 13.0 software package (SPSS
Inc., Chicago, USA) and graphs were prepared with Origin
8.0 (Origin Lab Corporation, USA). Statistically significant
differences were tested at P values <0.05 unless otherwise
stated.

Results
Seasonal variations of soil respiration rates

The seasonal variations in the soil respiration rates were
similar in the fertilized and unfertilized plots during the
study period, with highest fluxes observed in summer from
July to August, and lowest fluxes in snow-cover season
from November to January (Fig. 1). The maximum CO,
emission rates were 448.12 £ 17.46, 489.69 + 35.98,
396.53 £ 20.14, and 200.26 + 24.41 mg m > h™' for HN,
MN, LN, and CK treatments, respectively. These maxima
were reached quickly within 1-2 weeks after the first fer-
tilization on 1 July 2007. The peak rates were sustained for
about 3 weeks in all treatments. Then, decreasing CO,
effluxes with small fluctuations were observed after the
nitrogen fertilization in August. Soil respiration remained
low in all plots from the fall season to early spring of the
next year. The lowest negative fluxes were observed in the
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Fig. 1 Soil respiration rates from soil fertilized with 200 kg ha™'
year~! (HN), 100 kg ha™" year™' (MN), 50 kg ha™' year~' (LN) and
0 kg ha™" year™! (CK). Solid arrows indicate fertilization dates

LN and the CK plots and near-zero fluxes were observed in
the MN and the HN plots. In the late spring (May) in 2008,
the CO, fluxes began to increase and reached maxima
of 498.45 £ 4.53 (HN), 487.21 £ 87.05 (MN), 421.07 &+
7405 mg m > h~' (LN), and 287.15 + 17.52 mg m >
h~'(CK) again shortly (5 days) after the fertilization on
July 1. This peak lasted for a shorter time than in the first
year, no more than about 2 weeks. Several days after the
second fertilization in August 2008, another small peak
appeared, but the values were close to one another in all
treatments.

Cumulative soil respiration rates

All three levels of N fertilization enhanced soil respiration
and the enhancement was in the order MN > HN > LN
(Fig. 2). The mean total values of cumulative soil respi-
ration rates from the HN, MN, and LN treatments over the
period were 332, 342 and 314 g m~?, respectively, which
were 1.39, 1.43, and 1.31 times that of the CK treatment
(239.00 g m~?) in the 2007 growing season after fertil-
ization (July—September 2007). When the mean annual
total soil CO, emissions were calculated for the entire year
after the first year fertilization (July 2007—June 2008), the
values were 710 g m~2 year ' (in HN), 715 g m~ 2 year '
(in MN), and 577 gm 2 year ' (in LN), respectively,
which were 53, 57, and 24% higher than the one for the CK
plots (465 g m~2 year ). In contrast, the mean cumulative
soil respiration values for the treatments were 313 g m™>
(HN), 316 g m~2 (MN), and 306 g m~2 (LN), which were
7.9, 8.9, and 5.5% higher than the CO, emission from CK
(290 g m~?) in the period after the second year fertilization
(July—September 2008).

@ Springer

7722) Jul.-Sep.,2007
Jul.-Sep.,2008
- XXX Jul.,2007-Jun.,2008

—~ 900
800
700 -
600 ]
500 4 }
400 T oo )

300 — ~1

200 —

Cumulative soil respiration (g CO, m’

100 +

0+ T T T T T T T
HN MN LN CK

Fig. 2 The mean total values of cumulative soil respiration rates from
the three N treatments and CK treatment over the growing seasons
after fertilization from July to September in 2007 and 2008, and the
annual cumulative soil respiration from July 2007 to June 2008

One-way ANOVA (Table 2) for mean cumulative soil
respiration rates (data not shown) showed that the positive
effects on soil respiration were significant in the HN and
MN treatments (P < 0.01) and were marginally significant
in the LN treatment (P = 0.059) relative to the CK treat-
ment over the first growing season following fertilization
(July—September 2007).

All the effects induced by the three levels of N fertil-
ization in contrast to the CK treatments were significant
(P < 0.05) during the first whole observed year following
2007 fertilization (July 2007-June 2008). However, the
increases were insignificant over the period after the sec-
ond year fertilization in 2008 (P > 0.05). In addition, when
the cumulative soil respiration rates were compared with
each other in the three levels of nitrogen fertilizer treat-
ments, no significant differences were observed in both
years (P > 0.05).

Relationships between soil respiration rates
and temperature and water conditions

The seasonal variations of mean soil moisture content and
temperature in the experiment sites were shown in Fig. 3.
Soil moisture content varied from 2.45 to 21.68% in the
whole study period. It presents a typical seasonal variation
pattern. Due to precipitation events and snow-thawing, soil
moisture content was generally higher in the months from
April to late September than those in the other months. Soil
temperature varied from —17.2 to 41.3°C. The relatively
higher temperature appeared in the months of growing
season from May to September than other months. In these
months, soil temperature was always above 10°C, but in
other months from October to April, soil temperature
decreased and was relatively low.
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Table 2 Tukey’s HSD P-values for differences in mean cumulative soil respiration rates between four different N treatments in three different

measurement periods

Treatments  July—September 2007 July—September 2008 July 2007-June 2008

HN MN LN CK HN LN CK HN MN LN CK
HN - 0.610ns  0.823ns  0.044* — 0.971ns  0.765ns  0.542ns - 0.808ns  0.252ns  0.003**
MN 0.610ns - 0.463ns  0.020¥ 097lns - 0.741ns  0.525ns  0.808ns — 0.158ns  0.001%*
LN 0.823ns  0.463 ns - 0.059 0.765ns  0.741ns - 0.671ns  0.252ns  0.158ns - 0.033*
CK 0.044*  0.020* 0.059 - 0.542ns  0525ns  0.671ns — 0.003*  0.001*  0.033* -

* Statistically significant at P < 0.05, ** statistically significant at P < 0.01

ns statistically insignificant
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Fig. 3 Temperature and soil moisture conditions in the observed
period

Pearson correlation analysis (Table 3) revealed that the
seasonal variations of soil respiration rates were mainly
controlled by soil temperature and water conditions.
During the entire year after fertilization from July 2007 to
June 2008, soil respiration rates showed significant cor-
relation with temperature, especially with soil temperature
at the depth of 10 cm (T,¢). However, the relationship
between them was masked by soil moisture in the
growing season after fertilization (July—September) in
both years, and the soil moisture in the 10-20 cm layer
(W,9) was the most important control factor for soil
respiration.

The relationship between soil moisture (W5) and soil
respiration rate (R) was fitted by a significant positive
linear regression (R = a + bWy, P < 0.05) in the growing
seasons of both years (Table 4). The linear functions
explained as much as 47.3-81.9% of the variations in soil
respiration for 2007 and 31.3-62.8% for 2008. The slopes
of the R-W,, linear regression equation, b, represented
moisture dependence parameters. The higher slope of the
regression line in MN treatments suggested that soil res-
piration was more sensitive to soil moisture than in the
other treatments. Thus, in this study, N fertilization

enhanced the moisture sensitivity of soil respiration in both
growing seasons, because the slope values were 36.795—
44.273 in 2007 and 16.267-19.164 in 2008 in N fertilized
treatments in contrast to 17.183 in 2007 and 13.329 in 2008
in non-fertilized treatments. In addition, moisture sensi-
tivity was higher in the growing season of 2007 than in that
of 2008.

Soil respiration rates (R) and soil temperature at the
depth of 10 cm (7) had significant exponential relation-
ship (R = ae®”, Table 5) during the entire measuring
period although positive linear relationship existed
between soil respiration and moisture. The functions
explained approximately 27.3-50.1% of the variations in
soil respiration. The fitted Qo values, known as the
multiplier to the respiration rate for a 10°C increase in
temperature and obtained from the b coefficient
(Q10 = el ) were similar for CK, LN, and HN treatments
with mean value range of 1.70-1.74. However, in the MN
treatment, the value of Q;y was slightly reduced to 1.63
(P < 0.05).

Discussion

The effect of nitrogen fertilization on seasonal
variations of soil respiration rates

Nitrogen fertilizations had little effect on the seasonal
variations of soil CO, effluxes during the study period
(Fig. 1). Whether in the non-fertilized plots or in the
fertilized plots, soil respiration showed a strong seasonal
variation, with higher CO, effluxes in summer and lower
CO, effluxes in winter. This agrees with the results of
Mo et al. (2008) and Bowden et al. (2004). Similar
seasonal variations of soil respiration rates mainly
resulted from the similar seasonality of temperature and
soil moisture conditions which reflected the semiarid,
continental temperate climate of our study site and were
not changed by different levels of N treatments (Data not
shown).
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Table 3 Correlation coefficients of soil respiration and soil temperature or moisture

Treatments Periods Correlation coefficients
T, Ty Ts Tyo Wio Wao W3o
HN A 0.003 0.014 0.321 0.337 0.7387%* 0.8807%* 0.646*
B —0.008 —0.107 0.205 0.245 0.456 0.557* 0.423
C 0.452%* 0.443%* 0.5207%* 0.525°%* 0.287 0.340 0.029
MN A —0.182 —0.126 0.232 0.263 0.818%* 0.904 %3 0.634*
B —0.024 —0.154 0.182 0.222 0.560* 0.661%#* 0.537*
C 0.380%* 0.382%* 0.477* 0.487%* 0.314 0.336 0.013
LN A —0.134 —0.099 0.249 0.277 0.782%* 0.905% 0.596*
B —0.064 —0.169 0.149 0.186 0.562* 0.661%* 0.550%*
C 0.485%* 0.486%* 0.5727%* 0.579%* 0.297 0.339 0.031
CK A 0.082 0.090 0.435 0.472 0.582%* 0.687% 0.515
B —0.058 —0.116 0.170 0.203 0.7537%:* 0.7927%: 0.716%
C 0.634%%* 0.623%* 0.707%%* 0.712%* 0.340 0.384* 0.152

A the 2007 growing season after fertilization, B the 2008 growing season after fertilization, C the first entire year after 2007 fertilization from
July 2007 to June 2008, W;, 0—10 cm soil water content, W5, 10-20 cm soil water content, W3, 20-30 cm soil water content, T, air temperature,
Ty surface ground temperature, T's soil temperature at 5 cm depth, 7, soil temperature at 10 cm depth

* Correlation is significant at the 0.05 level (2-tailed), ** correlation is significant at the 0.01 level (2-tailed)

Table 4 Linear regression functions between soil respiration rate and soil moisture at the depth of 10-20 cm

Treatments A B

Functions b R? P Functions b R? P
HN R = —66.04 + 39.179W5, 39.179 0.775 0.000 R = 4.787 + 16.586W, 16.586 0.311 0.031
MN R = —-9292 + 44.273W,, 44.273 0.802 0.000 R = —17.639 + 19.164Wy, 19.164 0.437 0.007
LN R = —61.85 + 36.795W5, 36.795 0.819 0.000 R = 2277 + 16.267W, 16.267 0.437 0.007
CK R = 18.05 + 17.183Wy, 17.183 0.473 0.006 R = 19.139 + 13.320W,, 13.329 0.628 0.000

Table 5 Exponential regression functions between soil respiration
rate and soil temperature at 10 cm depth and Qy

Treatments Functions R? P Q1o

HN R = 55.7352¢%0554T  (0.425 0.000 1.74 a
MN R = 63.3409e%0%°T  0.273 0.006 1.63 b
LN R = 52.9772e%0534T  (0.429 0.000 171 a
CK R = 43.9088¢%9533T  0.501 0.000 1.70 a

Q1o values, known as the multiplier to the respiration rate for a 10°C
increase in temperature and obtained from the b coefficient
Qo = €', Different letters in the last column indicate significant
difference (P < 0.05) in Qo values

The effect of nitrogen fertilization on temperature
or moisture dependency of soil respiration rates

Nitrogen fertilizations had little influence on the seasonal
variations of soil respiration or the conditions of soil
moisture and soil temperature alone. However, it can alter
the relationships between them to some degree. The slopes
of linear functions representing moisture dependence
parameters were generally higher in N-fertilized plots than
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in non-fertilized plots (Table 4). This suggested that N
fertilization resulted in soil respiration rates more sensitive
to soil moisture than those of the CK treatment. The dif-
ferences in soil moisture dependency might be attributed to
the changes in the respiring communities involved in soil
respiration due to N additions (Phillips and Fahey 2007;
Olsson et al. 2005; Liljeroth et al. 1990). Respiration of
microbial communities and plant roots has different soil
moisture dependencies (Joffre et al. 2003). Besides, the
alteration of C allocation pattern between above-ground
plants and below-ground roots caused by N fertilization
can change water evaporation and plant evapotranspiration
and thus could influence the responses of soil respiration to
soil moisture (Coleman et al. 2004).

Furthermore, a significant decline (P < 0.05) in Qg
between CK, LN, HN (1.70-1.74), and MN (1.63) was
found (Table 5). Similarly, lower temperature sensitivity
upon N fertilization was reported by Mo et al. (2008) for a
mature tropical forest in southern China. The decrease in
temperature sensitivity under specific N treatment may be
due to the alterations of quality and quantity of soil
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substrates (Luo et al. 2001). Soil labile-C and resistant-C
have different temperature sensitivity (Davidson et al.
2006; Eliasson et al. 2005), and their proportion can be
changed by N addition (Wang et al. 2004; Malhi et al.
2003). Wang et al. (2004) and Craine et al. (2007) have
found that soil labile-C would increase with N addition,
and thus could make the temperature sensitivity of soil
respiration decrease. However, Conant et al. (2008)
observed that the difference of temperature sensitivity
caused by the change of the substrates such as labile- and
resistant-C was not evident until a substantial portion of the
labile-C was lost in the incubation soil. These reports
supply a partial explanation for the phenomenon we
observed, and it is possible that only the MN treatment
leads to a large change of substrate in soil, thus causing a
reduction of temperature sensitivity of soil respiration.
Additionally, Boone et al. (1998) reported that roots also
exerted a key role in regulating temperature dependency of
soil respiration. The mechanisms affecting O,y are com-
plex, and its exact characteristics are difficult to explain.

The effect of nitrogen fertilization on cumulative
CO, effluxes

Considering the cumulative soil respiration rates, the rates
of soil respiration could be enhanced by all three levels of
N fertilization in the order MN > HN > LN (Fig. 2). The
positive effects of N fertilization on soil respiration rates
were significant in the first year but not in the second year.
Short-term increases in soil CO, fluxes have been reported
in many field experiments (Bowden et al. 2004; Gallardo
and Schlesinger 1994) and incubation experiments
(Soderstrom et al. 1983). The positive effects have been
attributed to increased microbial biomass and activity
(Lovell and Hatch 1998) as well as root production (Magill
et al. 1997) after fertilization. The short-term CO, increa-
ses that occurred in our study also may be related to
stimulation of the two basic components (microbial respi-
ration and root respiration) associated with soil respiration
and it could mean that N was limiting in the current study
sites in the first year.

The exact reason for the insignificant increase in soil
respiration following the second year N fertilization has not
yet been identified. It can be explained by several possible
mechanisms: (1) the experimental sites are not strongly N
limited after 1 year of fertilization and (2) the observed
pattern is a result of multiple factors other than N avail-
ability (Aber et al. 1989; Burton et al. 2004). Micks et al.
(2004) reported that microbial respiration was seldom
affected by N fertilization in a C-limited status. Burton
et al. (2004) also found no responses in root biomass and
root respiration due to N additions and they attributed this
to the limitation of other nutrient resources in the NO3;™ —N

amended plots. In our study sites, the immediate positive
effects on soil respiration following N addition may be due
to abundant C substrates. However, after 1 year of fertil-
ization, with large amounts of CO, emitted from the soil,
much of the available soil C resource could have been
consumed. Meanwhile, in our present system, the accu-
mulation of soil organic carbon is relatively slow due to the
restriction of low water and temperature conditions in the
observed period (Fig. 3). Thus, if the exogenous C input
could not compensate for the loss of soil C, the previous
N-limited status possibly changed into a limitation by C
resources. With the limitation of these resources, the two
basic parts of soil respiration (microbial respiration and root
respiration) can respond less to the N addition than the one
in the previous untreated, N-limited soils. Xu and Wan
(2008) conducted a field experiment in Duolun, a grassland
adjacent to our sites, and found that CO, emissions from
urea (CO(NH,),)-treated plots are significantly larger than
the control in both years of their study, which is opposite to
our observed 2 year CO, emission patterns. The different
results support the hypothesis that C substrate could be a
limiting factor in our study sites. Additionally, the pattern
observed in our study that the highest amounts of CO,
tended to be emitted in MN treatment but not in HN treat-
ment also indicated that the limitation of other elements
such as C could happen; under insufficient C resources, we
would not necessarily observe more CO, emission from the
soils after excessive N addition (Aber et al. 1989).

Besides, another possible mechanism may be related to
the interactions among various processes associated with
soil respiration such as root production and microbial
biomass in response to nitrogen fertilization. Nitrogen
fertilization can modify below-ground soil processes in
both microbes and plant roots, and not always in consistent
ways. On the one hand, positive effects of N fertilization on
microbial respiration or root respiration have been reported
(Hart and Stark 1997; Zhang and Zak 1998; Lovell and
Hatch 1998); on the other hand, negative effects on the two
components of soil respiration have also been shown
(Compton et al. 2004; Bowden et al. 2004). Given the wide
variation in their potential responses, opposing processes
might be elicited by N fertilization and counteract each
other, resulting in no net change in soil respiration across
treatments.

Conclusions

This study has demonstrated that all levels of N fertilization
did not change seasonal variations of soil respiration, which
are still controlled by climatic factors such as temperature
and soil water conditions. However, N fertilization influ-
enced the dependence of soil respiration on these climatic
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factors to some degree. Furthermore, different stimulations
of soil respiration due to different levels of N fertilization
have also been observed in our study sites. Such informa-
tion could provide a better basis for improved C and N
management decision-making in semiarid grassland.

However, the stimulation of soil respiration due to N
fertilization was not significant in the second year. Mean-
while, the alteration of moisture or temperature depen-
dency of soil respiration rates was not very clear and was
the same as all N treatments. Therefore, long-period studies
and corresponding mechanistic studies must be conducted
to clarify the interaction between N fertilization and soil
respiration.
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