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[1] Mounting evidence supports that wetland ecosystems, one of the largest carbon pools on
the earth, are exposed to ample nitrogen (N) additions due to atmospheric deposition or N
loading from upstream agricultural fertilizer application. However, our understanding of how
N enrichment affects the fluxes of greenhouse gases (GHGs) in wetlands is weak. A 5year N
addition experiment was conducted to examine the responses of CH4 andN2O fluxes aswell as
ecosystem respiration from wetlands in the Sanjiang Plain, Northeast China, through 2005 to
2009. Four levels of N addition (control, 0 kgN ha�1 yr�1; low-level, 60 kgN ha�1 yr�1;
medium-level, 120 kgN ha�1 yr�1; high-level, 240 kgN ha�1 yr�1) were designed in this
study. Overall, our results show that medium and high levels of N addition increased
ecosystem respiration by 28% and 69% (P< 0.05), respectively, while low-level N addition
has no effect on ecosystem respiration (P> 0.05). High-level N fertilization exerted stronger
effects on ecosystem respiration in the initial year than the following years. It indicated that the
effects of high-level N fertilization on CO2might be overestimated by short-term observations.
High-level N fertilization increased N2O emissions by 396% over the 5 years (P< 0.05), but
the low- and medium-level-N addition did not exert any apparent effect on N2O emissions
(P> 0.05). N2O emission under high-level N addition in the first and fifth years showed
stronger pronounced responses to N addition compared with that from the third and fourth
years, indicating the importance of long-term field observation. Over the 5 years, however, the
low and medium-level N addition showed no effect on N2O emissions. The four levels of N
addition exerted no effect on CH4 emissions (P> 0.05). Furthermore, the relationship between
GHGs and soil temperature or water table depth varied among different plots and experimental
time. Our findings highlighted the importance of gas species, experimental time, and the
amount of fertilizer N with regard to the responses of GHG emissions to N fertilization.
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1. Introduction

[2] In recent decades, atmospheric nitrogen (N) deposited
onto terrestrial ecosystems has increased more than three-
fold, primarily due to anthropogenic activities related to

fossil fuel combustion and artificial fertilizer production
and consumption [Galloway et al., 2004, 2008; Schlesinger,
2009; Pan et al., 2012]. N fertilization could stimulate plant
growth [Berendse et al., 2001], change species composition
[Xia and Wan, 2008], and alter soil carbon dynamics
[Burton et al., 2004] and the main greenhouse gas (GHG)
fluxes including CO2, CH4, and N2O between ecosystems
and the atmosphere [Pregitzer et al., 2008; Liu and Greaver,
2009; de Vries et al., 2009; Lu and Tian, 2013].
[3] Wetland ecosystem holds higher soil carbon density as

compared to other ecosystem types [Post et al., 1982] and
plays a critical role in modifying the atmospheric CO2

concentrations [Treat et al., 2007; Bonneville et al., 2008; Song
et al., 2011]. More importantly, wetlands are among the pri-
mary atmospheric CH4 sources, accounting for 20–39% of
the annual global CH4 budget [IPCC, 2007]. It is also well
reported that wetland ecosystems provide an important natural
source of N2O to the atmosphere [Hadi et al., 2000;
Hernandez and Mitsch, 2006]. Currently, wetlands, like other
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natural systems, are experiencing mounting N loading due to
increased atmospheric deposition, agricultural inputs, fossil
fuel combustion, and other anthropogenic activities [Bridgham
et al., 1995; Keller et al., 2004; Schlesinger, 2009], and thus
the role of N fertilization in controlling GHG emissions to
atmosphere from wetland ecosystems is important.
[4] It has been well verified that N addition to wetland

ecosystems alters soil physical properties [Aerts and de
Caluwe, 1999; Keller et al., 2005], microbial communities
[Keller et al., 2005; Banger et al., 2012], and vegetation
communities [Chapin et al., 2004; Keller et al., 2005], and
thus resulted in altered biogenic flux of the three main
GHGs. Aerts and de Caluwe [1999] reported that N supply
led to pH reduction and to lower CO2 emission, especially
in the low N peat soil. Previous studies reporting the effects
of N additions on GHG balance, however, have been mostly
conducted over relatively short periods, often within the first
1 or 2 years after N was added [Ding et al., 2004; Zhang
et al., 2007a, 2007b, 2007c], which might bias the estimated
ecosystem responses in terms of carbon assimilation, respi-
ration, CH4 exchange, and N2O release.
[5] Reductions in the effects of long-term N fertilization

on soil carbon releases were observed in forests, as com-
pared to short-term N fertilization [Bowden et al., 2004;
Burton et al., 2004]. In a meta-analysis, Liu and Greaver
[2009] also emphasized the necessity in long-term effect of
multiple levels of N enrichment on GHG emissions. What
about the differences in the effects of long-term N fertiliza-
tion on GHG fluxes from wetland ecosystems compared to
short-term N fertilization? Keller et al. [2005] reported that
six years of N fertilization had no effect on rates of CH4 pro-
duction or CH4 consumption in an intermediate fen in

northern Minnesota, due to that the microbial communities
responsible for soil carbon cycling were tolerant to wide
ranges of nutrient concentrations and the resulting pH levels.
However, the results from Keller et al. [2005] were based on
intact peat cores with short-term laboratory incubations
rather than long-term continuous field observation. More-
over, a number of experiments only examine the effect of
N enrichment on individual flux of CO2, CH4, and N2O,
instead of that on the concurrent balance of these three
GHGs [Ding et al., 2004; Zhang et al., 2007a, 2007b,
2007c; Bodelier, 2011; Banger et al., 2012]. Ellen et al.
[2012] reported that N fertilization does increase the produc-
tion of CH4, though there was no effect on CO2 and N2O
fluxes of soil from plots in a tidal freshwater wetland, but
the experiment was conducted by anaerobic lab incubations.
[6] In China, current N deposition rates are close to or

even exceed those in Europe and the United States [Lu and
Tian, 2007, Lu et al. 2012; Pan et al., 2012], and it ranked
as the top consumer of N fertilizer during 2007–2008,
accounting for 32% of global N consumption [Heffer,
2009]. Long-term experiments with multiple levels of N
fertilization on the concurrent three GHG balance in China’s
wetland ecosystems are highly essential for better under-
standing and predicting the impacts of atmospheric N
enrichment on CO2, CH4, and N2O fluxes from natural wet-
land ecosystems. The Sanjiang Plain, Northeast China,
encompassing the largest freshwater wetland in China, has
experienced intensive cultivation over the past 50 years [Zhao,
1999]. More and more marshes are being drained for conver-
sion to agricultural production, while the remaining marshes
often receive leached N through cultivation activities and
atmospheric deposition [Zhang et al., 2005].

Figure 1. Meteorological characteristics during 2005–2009 in the Sanjiang Plain Marshland,
Northeastern China.

SONG ET AL.: N EFFECTS ON GREENHOUSE GAS FLUX

742



[7] In the present study, we conducted a 5 year N fertiliza-
tion experiment, which aims to (1) determine the effects of
5 year experimental N additions on the exchange of CH4 and
N2O and ecosystem respiration in the natural freshwater wet-
land in the Sanjiang Plain, (2) to evaluate the interannual var-
iations of gas emissions caused by different N input levels, and
(3) to examine the relationship between GHG fluxes and
related environmental factors, such as soil temperatures and
water table depths.We hypothesized that stimulation or inhibi-
tion in GHG emissions under N fertilization would be ob-
served based on the 5 year observation; however, the effects
of N fertilization would be temporally variable and would not
be consistent across gas species and plots with different N
input levels.

2. Material and Methods

2.1. Site Description

[8] The study site is located at the Sanjiang Experimental
Station of Wetland Ecology Chinese Academy of Sciences
(47�350N, 133�310E, 56m above sea level), in the Sanjiang
Plain, Northeast China. The Sanjiang Plain holds freshwater
wetland with area of approximately 10,400 km2 [Zhao,
1999]. The site-specific weather observations showed that
the mean annual temperature is 1.9�C, and mean annual pre-
cipitation is around 600mm during 1981–2004 [Guo et al.,
2010]. As shown in Figure 1, the averaged annual tempera-
tures were 2.3, 2.5, 3.5, 3.6, and 1.8�C from 2005 to 2009,
respectively. It indicated that except the year of 2009, the other
4 years showed much warmer than long-term mean tempera-
ture (1981–2004). The annual precipitations for the period of
2005–2009 were 464, 666, 664, 526, and 625mm, indicating
that both 2005 and 2008 were dry years and other 3 years were
wet years. The annual mean photosynthetically available radi-
ations (PAR) daily flux densities were 36.71, 35.14, 38.10,
35.05, and 25.24molm�2 s�1, and the annual average solar
radiations were 18.42, 17.94, 20.01, 19.01 and 17.57MJ/m2

from 2005 to 2009. PAR daily flux densities and solar radia-
tions changed very little year by year during 2005 and 2008,
but showed the lowest values in 2009. More detailed informa-
tion about air temperature, rainfall, PAR daily flux densities,
and solar radiation are shown in Figure 1. There are two
dominant species in the Sanjiang wetland, Calamagrostis
angustifolia and Carex lasiocarpa, and the latter will be more

abundant as the standing water depth increases. The site was
selected to represent the typical, seasonal waterlogged marsh
plant communities, Calamagrostis angustifolia. Before the
start of the experiment, three replicates of soil from 0 to
10 cm depth and 10 to 20 cm depth were investigated in the
study region at the beginning of growing season in 2004.More
detailed information on soil properties in the study site is
shown in Table 1.

2.2. Field Experiment

[9] Twelve plots of 1m� 1m were selected on a very flat
ground with a Calamagrostis angustifolia dominated com-
munity. Each sampling plot was isolated by a 1m buffer
zone and an enclosed PVC board, which prevented lateral
movement of the added N and its influence to the surrounding
area. Inside the PVC frame, a stainless steel base (50cm� 50cm)
with a water groove was installed into the soil to ensure an
airtight connection with the chamber. We built boardwalks
around the chamber to avoid human disturbance to
the sampling.
[10] Since 2005, N was added as ammonium nitrate

(NH4NO3) during the growing season, as NH4NO3 has been
widely used as N fertilizer in this region after land-use change.
Twelve plots (1m� 1m) were randomly split into four
treatment groups, where the annual N additions total to
0 kgN ha�1 yr�1, 60 kgN ha�1 yr�1, 120kgN ha�1 yr�1,
and 240 kgN ha�1 yr�1 for control (N0), low-level (N1),
medium-level (N2), and high-level N fertilization (N3),
respectively. N1 (60 kgN ha�1 yr�1) was comparable to the
sum of agricultural inputs (58 kgN ha�1 yr�1) [Zhang et al.,
2007a] and atmospheric wet N deposition (7.6 kgN ha�1 yr�1)
around this region [Sun, 2007], while the medium- and high-
level N addition were used to study the response of GHGs to
N fertilization that may occur in this region in the future
[Zhang et al., 2007a]. In each year, N fertilizer was divided
into nine equal doses, mixed with 1L surface marsh water
and applied biweekly from May to September. At the same
time, the control plots received 1L surface marsh water
without N fertilizer. The solution was sprayed over the plants,
and there was a deionized water rinse afterward. There was
one chamber per plot, i.e., three plots with three chambers for
one treatment, and the mean value was analyzed. Observation
was conducted once a week from early May to late September
in 2005, 2007, 2008, and 2009. Sometimes, observations

Table 2. Average Values of Soil Temperature at 5 cm Depth, Water Table Depth, and Aboveground Biomass Under Different N
Addition Levelsa

Soil Temperature at 5 cm Depth Water Table Depth Aboveground Biomass

N1 14.53� 0.67a 2.61� 0.64a 250.23� 16.74a
N2 13.18� 0.54a 3.30� 0.73a 322.92� 31.47a
N3 13.19� 0.57a 3.51� 0.73a 365.81� 32.16a
N4 13.48� 0.57a 2.72� 0.65a 626.87� 86.18b

aAverage is (mean�SE); the unit of soil temperature is �C; the unit of water table depth is centimeter; the unit of aboveground biomass is gm�2. There
was significant difference among the averaged values with different lower-alpha after the averaged values, whereas no significant difference was found
among the averaged values with the same lower-alpha after the averaged values.

Table 1. Soil Properties of the Study Site in the Sanjiang Plain, Northeast China

Wetland Type Depth (cm) SOC (g/kg) Total Nitrogen (g/kg) Total Phosphorus (g/kg)

Calamagrostis angustifolia 0–10 163.58� 7.86 7.00� 0.32 1.11� 0.06
10–20 94.72� 5.76 4.40� 0.29 0.74� 0.03
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were rescheduled because of unpredictably extreme weathers,
such as heavy rainfall or strong wind. In 2006, N addition
was applied as the other years, while observations ceased.

2.3. Measurement Method

[11] The gas samples were usually taken at 9:00 A.M. at
local time using static dark chamber and gas chromatography
techniques [Wang and Wang, 2003; Song et al., 2009]. The
static chamber was made of stainless steel and consisted
of two or three parts. Before measurement, one square collar
(length�width� height = 0.5m� 0.5m� 0.2m), serving to
support the sampling chamber, was inserted directly into
the soil with 5 cm exposed above the soil/water surface
during the entire experiment. One square box (without bot-
tom, length�width� height = 0.5m� 0.5m� 0.5m) was
put above the collar during gas sampling. When the plant
height exceeds 50 cm, a removable collar (length
width� height = 0.5m� 0.5m� 0.2m) was added between
the collar in soil and the cover box to protect the plant. We
installed a fan in the sampling chamber to promote air
mixing. Gas samplings were lasted half an hour for each
time; four gas samples were taken at 10min intervals.
Meanwhile, air temperatures inside and outside the cham-
bers were recorded using a thermometer sensor. The gas
samples were stored in plastic syringes with three valves
and measured with a modified gas chromatograph (Agilent
4890D, Agilent Co., SantaClara, CA, USA) equipped with
a flame ionization detector and an electron capture detector.
We analyzed the CH4, CO2, and N2O simultaneously once
after coming back from the field, and the gas samples were
stored in syringes less than 12 h before being measured. N2

was used as the carrier gas with a flow rate of 30mL
min�1. The CO2, CH4, and N2O emissions were calculated
from the linear changes in chamber gas concentration
with an average chamber temperature (air temperature in
the chamber). When the R2 of the linear regression of
the CO2, CH4, and N2O concentrations over time was
lower than 0.9, sample sets were rejected. The units
were expressed as mgCm�2 h�1 for CO2 and CH4, and mg
Nm�2 h�1 for N2O. More detailed information about gas
sampling was described by Song et al. [2009]. GHG data
in 2005 are selectively cited from Zhang et al. [2007a,
2007b, 2007c], and we kept the sampling date and total
sampling points close to those in other years. The surface
water table was measured using a ruler near the chamber
in each plot in 2007, 2008, and 2009, and soil temperature
at 5 cm near each plot was measured with bent stem ther-
mometers. Aboveground biomass was estimated by clipping
living biomass. All living plant tissues were harvested from
every 50 cm� 50 cm quadrat in each plot at the end of the
growing season in 2007 and 2008, respectively. Living
plant aboveground tissues were separated from dead tissues,

oven-dried at 70�C for 48 h, and weighed [Xia et al., 2009].
All the harvested biomass was returned to the quadrats with
random distribution after the measurement. The above-
ground biomass data in 2005 are cited from Zhang et al.
[2007a, 2007b]. Daily information on air temperatures and
rainfall were automatically recorded by a microclimate
monitoring system throughout the study period.

2.4. Dependence of Ecosystem Respiration on
Soil Temperature

[12] Soil temperature and respiration data from 2007 to
2009 (n = 64) were fitted to exponential functions given in
equation (1) to describe the dependence of ecosystem respi-
ration on soil temperature [Maier and Kress, 2000].

ER ¼ a� ebt (1)

where ER and t are ecosystem respiration and soil temperature,
respectively, and a and b are regression coefficients. To accu-
rately quantify the sensitivity of ecosystem respiration to soil
temperatures, we used soil temperature coefficient (Q10) as
the index to show the increase in ecosystem respiration when
the soil temperature changed. The Q10 is equal to the change
of ecosystem respiration for temperature increase of every
10�C. The temperature sensitivity (Q10) of ecosystem respira-
tion was calculated as follows [Maier and Kress, 2000]:

Q10 ¼ exp b� 10ð Þ (2)

Figure 2. The aboveground biomass under different N
addition levels from the freshwater wetland in the Sanjiang
Plain, Northeast China.

Table 3. Results of Two-Way ANOVAs on the Effects of N Addition (N), Years (Y), and Their Interactions on Soil Temperature at 5 cm
Depth, Water Table Depth and Aboveground Biomass

Soil Temperature at 5 cm Depth Water Table Depth Aboveground Biomass

d.f. F P d.f. F P d.f. F P

N 3.00 0.00 1 3.00 0.46 0.71 3.00 65.39 <0.001
Y 2.00 0.72 0.49 2.00 13.89 <0.001 2.00 9.67 <0.001
N�Y 6.00 0.00 1 6.00 0.07 1 6.00 24.31 <0.001
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2.5. Statistical Analysis

[13] The SPSS 11.5 and origin 8.0 statistical packages were
used for statistical analysis. All the data were tested for
normality using the Levene’s test prior to analysis. Before
statistical analysis, all non-normal data were transformed prior
to analysis. Two-way analysis of variance (ANOVA) was
used to examine the effects of N addition, year, and their pos-
sible interactions on soil temperature, water table depth,
aboveground biomass, and ecosystem GHG fluxes. If there
is significant interannual variability (year effect P< 0.05),
one-way ANOVA was used to examine N addition effects
on soil microclimate, aboveground biomass, and ecosystem
GHG fluxes over the growing seasons in 2005, 2007, 2008,
and 2009, respectively, using a Fisher’s least significant
difference test. The Spearman correlation tests were used to

analyze the relationship between GHG emissions andwater ta-
ble depth or soil temperature from 2007 to 2009. Linear and
exponential analyses were used to examine the relationships
between soil temperature and ecosystem respiration from
2007 to 2009. In analyses where P< 0.05, the factor relation-
ship tested and the comparisons were considered statistically
significant.

3. Results

3.1. Soil Microclimate and Plant Biomass

[14] As shown in Table 2, the average soil temperatures at
5 cm depth were 14.53� 0.67�C, 13.18� 0.54�C,
13.19� 0.57�C, and 13.48� 0.57�C for N0, N1, N2, and
N3, respectively, while water table depth were 2.61� 0.64cm,

Table 4. Results of Two-Way ANOVAs on the Effects of N Addition (N), Years (Y), and Their Interactions on CO2, CH4, and
N2O Emissions

CO2 CH4 N2O

d.f. F P d.f. F P d.f. F P

N 3.00 11.13 <0.001 3.00 4.86 <0.001 3.00 19.64 <0.001
Y 3.00 9.40 <0.001 3.00 26.96 <0.001 3.00 11.88 <0.001
N�Y 9.00 4.14 <0.001 9.00 1.39 0.19 9.00 2.25 0.02

Figure 3. Overall estimates of GHGs flux from marshes under different N addition levels for 2005 to
2009. Error bars represent�SE (n = 3). Means with different lowercase letters in the same column are
significantly different at P< 0.05. N0, 0 kgN ha�1 yr�1; N1, 60 kgN ha�1 yr�1; N2, 120 kgN ha�1 yr�1;
N3, 240 kgN ha�1 yr�1.
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3.30� 0.73cm, 3.51� 0.73cm, and 2.72� 0.65cm for N0, N1,
N2, and N3, respectively. There were no statistical differences in
soil temperatures and water table depth among different
treatments (Table 2). With regard to interannual variations, no
significant differences in soil temperatures were observed for
N0, N1, N2, and N3, respectively (P> 0.05, Table 3), while year
exerted an effect on water table depth (P< 0.05, Table 3). The
aboveground biomass showed the highest value in N3 treatment
(P< 0.05), while there were no significant differences in the other
three treatments (P> 0.05, Table 2). However, there was a signif-
icant interaction between N addition level and year on above-
ground biomass (P< 0.001, Table 3). Over 2005 and 2007,
aboveground biomass in N3 treatment showed higher values
than N0, N1, and N2 treatments (P< 0.05). No significant dif-
ferences were observed amongN1, N2, andN3 treatments, but
they showed higher value than N0 treatment (Figure 2).

3.2. GHG Fluxes Under Various N Levels Following
5Year N Fertilization

[15] The 5 year average ecosystem respiration in the N0
plot was 861.89� 39.88mgCm�2 h�1, and they were
861.04� 41.00, 1027.33� 50.16, and 1244.31� 208.17mg
Cm�2 h�1 in N1, N2, and N3 treatments, respectively
(Figure 3). The ecosystem respiration observed in N1
treatment was insignificant compared to the control plot
(P> 0.05), while ecosystem respiration in N2 and N3
treatment was significantly enhanced relative to the con-
trol plot (P< 0.05). Ecosystem respiration showed no
significant differences between N1 and N2 treatments.
However, the N3 plot increased the ecosystem respira-
tion by 55% and 32%, respectively, compared to those
in N1 and N2 plots (P< 0.05). Overall, there was no
significant difference in CH4 emissions among the N0,

Table 5. Correlation Coefficients Between Greenhouse Gases and Soil Temperatures at 5 cm Depth Under Different N Addition Levelsa

CO2 CH4 N2O

N0 N1 N2 N3 N0 N1 N2 N3 N0 N1 N2 N3

2007 0.198 0.471 0.264 0.268 �0.517 �0.200 �0.433 �0.561* 0.722** 0.356 0.783** 0.649*
2008 0.207 0.515* 0.667** 0.406 �0.72** �0.672** �0.727** �0.661** 0.281 0.631* 0.379* 0.543
2009 �0.216 0.108 0.335 �0.108 0.731* 0.575 0.671 0.491 0.731* �0.342 �0.108 �0.898**
2007–2009 0.356** 0.624** 0.659** 0.556** �0.316** �0.313** �0.289** �0.218 0.379** 0.145 0.216 0.182

**Significance at P< 0.01.
*Significance at P< 0.05.
aThere is no statistical significance for values without asterisks.

Figure 4. GHG emissions during the growing season from 2005 to 2009 in the control and nitrogen
addition treatments. Error bars represent�SE (n= 3). Means with different lowercase letters in the same
column are significantly different at P< 0.05.N0, 0 kgN ha�1 yr�1; N1, 60 kgN ha�1 yr�1; N2, 120 kgN
ha�1 yr�1; N3, 240 kgN ha�1 yr�1.
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N1, N2, and N3 treatments. On average from 2005 to
2009, the largest average N2O release occurred in N3
treatment (0.52� 0.09 mgNm�2 h�1), and increased by
396%, as compared to N2O emission of 0.10� 0.03 g N
m�2 h�1 in control plot (P< 0.05). However, no signifi-
cant differences in N2O emissions were observed among
the N0, N1, and N2 treatments (P> 0.05).

3.3. Interannual GHG Fluxes Under Various N Levels

[16] There was a significant interaction between N addi-
tion and year on ecosystem respiration, and also N2O emis-
sions (P< 0.05, Table 4), whereas this interaction was not
detected on CH4 emissions (P> 0.05, Table 4). Compared
to the control plot, ecosystem respiration in the N3 plot
increased by 139% in 2005, while such significant difference
did not occur in other years with continuous N enrichment
(P> 0.05). The magnitude of increase in the N3 treatment

was 98% and 67%, respectively, as compared to the N1
and N2 addition plots, in 2005. However, no significant
differences in ecosystem respiration between the N3
plots and the other plots were observed in 2007 and
2009 (P> 0.05). In 2008, the N2 plot showed slightly higher
ecosystem respiration values compared to those in the control,
N1 and N3 plots (P< 0.05). However, no significant differ-
ences were observed in 2007 and 2009. It is notable that
no significant differences in ecosystem respirations were
observed between N0 and N1 treatment in 2005, 2007, 2008,
and 2009 (P> 0.05).
[17] N addition had no effect on the CH4 emissions among

the four treatments over the growing season of 4 years
(P> 0.05; Table 4 and Figure 4). For N2O flux, there were
no significant differences among the control, N1, and N2 plots
(P> 0.05). The N2O emissions in the N3 site increased by
576%, 631%, and 264%, respectively, compared to those from
control, N1, and N2 plots in 2005 (P< 0.05) and 574%,

Figure 5. The relationship between CO2 flux rate and soil temperature at 5 cm depth. N0, 0 kgN ha�1

yr�1; N1, 60 kgN ha�1 yr�1; N2, 120 kgN ha�1 yr�1; N3, 240 kgN ha�1 yr�1.

Table 6. Correlation Coefficients Between Greenhouse Gases and Water Table Depths Under Different N Addition Levelsa

CO2 CH4 N2O

N0 N1 N2 N3 N0 N1 N2 N3 N0 N1 N2 N3

2007 �0.762** �0.87** �0.844** �0.704** 0.353 0.389 0.509 0.276 �0.474 �0.294 �0.567 �0.506*
2008 �0.449 �0.541* �0.691** �0.555* 0.623* 0.628* 0.663* 0.623** �0.605* �0.71** �0.643** �0.72**
2009 �0.027 0.7 0.156 �0.109 0.436 0.518 0.464 0.245 0.317 0.19 0.191 �0.3
2007–2009 �0.493** �0.607** �0.721** �0.488** 0.479** 0.547** 0.594** 0.476** �0.515** �0.538** �0.545** �0.64**

**Significance at P< 0.01.
*Significance at P< 0.05.
aThere is no statistical significance for values without asterisks.
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241%, and 223%, respectively, in 2009 (P< 0.05). However,
there was no significant difference between N3 plot and the
other sites in 2007 and 2008.

3.4. Dependence of GHG Emissions on Soil
Temperature and Water Table Depth

[18] Across the four treatments, the relationship between
GHG and soil temperature at 5 cm depth or water table depth
varied among different N fertilization level and years (Tables 5
and 6). These correlations are complicated. Over the observa-
tion period from 2007 to 2009, however, we found that soil
temperature at 5 cm depth showed significantly positive corre-
lation with ecosystem respiration at N0, N1, N2, and N3 plots
(Table 5). As for CH4 flux, significantly negative correlations
were observed between soil temperature at 5 cm depth and N0,
N1, and N2 plots over 2007 to 2009, while there was no corre-
lation between CH4 flux and soil temperature at 5 cm depth for
the N3 plot. There was significant correlation between N2O
fluxes under N0 plot and soil temperature at 5 cm depth, but
N2O fluxes under N1, N2, andN3 plots exerted no relationship
with soil temperature at 5 cm depth (P> 0.05). Significantly
negative correlation was found between water table depth
and ecosystem respiration or N2O fluxes at all the sites, while
CH4 fluxes at the four plots showed positive correlation with
water table depth (Table 6).
[19] As shown in Figure 5, we found that CO2 flux rates

exponentially increase with soil temperature at 5 cm depth
at the N1, N2, and N3 plots (P< 0.001; R2 = 0.16, 0.46,
and 0.36, respectively) and linearly increase with soil tem-
perature at the N1 plot (P< 0.001; R2 = 0.44). Q10 values
were calculated by the exponential regression between CO2

flux rate and soil temperature at 5 cm depth (Figure 5). We
found that the temperature sensitivity of ecosystem respira-
tion increased from control plot (Q10 = 1.32) to the N2 and
N3 plots (Q10 = 1.98, 2.21) (P< 0.05). However, the Q10

values at 5 cm showed no differences under the N2 and N3
plots (P> 0.05).

4. Discussion

4.1. Effects of N Addition on GHG Fluxes

4.1.1. Ecosystem Respiration
[20] Our study found that 5 years of N fertilization

increased ecosystem respiration only under the N3 plot with
N addition at 240 kgN ha�1 yr�1 rate. In addition, the N3
plot exerted higher ecosystem respiration based on the aver-
age of 5 year observation compared to those in the N addi-
tion plots at 60 and 120 kgN ha�1 yr�1 rates. Saarnio
et al. [2003] reported statistically insignificant changes in
CO2 exchanges under raised NH4NO3 supply at a rate of 30 kg
N ha�1 yr�1 in boreal oligotrophic mire in eastern Finland.
Bragazza et al. [2006] found that higher atmospheric N supplies
resulted in higher CO2 emissions in European bogs. In addition,
Keller et al. [2005] demonstrated that there was no N addition
effect on CO2 emissions in an intermediate fen of northern
Minnesota, with two N levels (20 or 60kgN ha�1 yr�1),
which is equal to or lower than our amounts of low-level N
fertilization. As carbon and nitrogen dynamics differ under
different N fertilization plots, it is possible that ecosystems
respiration may respond differently to different rates of N
fertilization. Thus, studies assessing the potential effect of N

deposition on ecosystem respiration must carefully take N addi-
tion levels into consideration.
[21] As for time scale, our study shows that high-level N

fertilization in the first year stimulated ecosystem respiration
by 139%, but it had no effect in the following years. A
similar temporal response to long-term N additions was
observed for oak-dominated hardwoods at Harvard Forest,
with soil respiration increase occurring in the first year of N
additions (50 and 150 kgN ha�1 yr�1), followed by reductions
in soil CO2 efflux after 13 years of treatment [Bowden et al.,
2004]. Burton et al. [2004] also reported that soil respiration
rates were slightly higher in the NO3

�-N amended plots during
the first year, while they depressed by 15% in the eighth year
of chronic NO3

�-N additions in northern hardwood forests.
[22] Indeed, we also found that the middle N addition

level held higher ecosystem respiration than the other N
addition plots in the fourth year of N addition, while it
showed no differences with control plot in the other years
of N addition. Interestedly, the response of aboveground
biomass to middle N addition level showed the same chang-
ing tendency as the ecosystem respiration did (Figure 2). It
implied that vegetation dynamics in response to N fertiliza-
tion might interact with the changes of ecosystem respiration
[Saarnio et al., 2003]. Zhang et al. [2007b] reported that
ecosystem respiration was significantly correlated with N
content in plant, aboveground biomass, and plant height.
Shoot respiration is vital in ecosystem respiration from wet-
land ecosystems [Roehm, 2005]. One study in this area dem-
onstrated that the aboveground biomass contributed 50% to
ecosystem respiration [Lu, 2008]. Also, fertilizer affecting
plant growth and subsequent uptake of N and quality of litter
[Mao et al., 2012] will significantly interact with fertilizer
effects on CO2 production.
4.1.2. CH4 Fluxes
[23] Generally, wetland soils are the main natural source

with an estimated emission of 100–200 TgCH4 year�1

[Mer and Roger, 2001]. N fertilizer is an important factor
governing the CH4 production, consumption, and emission
from wetland soils [Bodelier, 2011]. Our study demon-
strated that the effects of N addition on CH4 emissions were
insignificant. This agrees well with Silvola et al.’s [2003]
study, which reported that the N treatment resulted in non-
significant differences in methane emissions at three sites
representing oligotrophic peatlands along a European tran-
sect. Liu and Greaver [2009] executed a meta-analysis
including 109 studies covering North and South America,
Europe, and Asia and reported that CH4 emission increased
by 95% averaged over all ecosystem types with N enrichment
from 30 to 400 kgN ha�1 year�1. Another meta-analysis cov-
ering 33 published papers that contained CH4 emissions obser-
vations from N fertilizer (28–406 kgN ha�1) treatment and its
control have indicated that N fertilizers increased CH4 emis-
sions in 98 of 155 data pairs in rice soils [Banger et al.,
2012]. Dong et al. [2011] and Xie et al. [2010] found N addi-
tion inhibited CH4 emissions in rice field.
[24] The effects of N addition on CH4 emissions in our

study and other studies were complicated, as the effects of
N deposition on ecosystem CH4 dynamics are complicated
and may take place at biochemical, microbial, and ecosys-
tem levels [Schimel, 2000]. These processes are mediated
by microbes such as methanogens and methanotrophs
[Keller et al., 2005]. It has been reported that moderate N
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addition could stimulate the activities of methanogens, while
excessive N input could be toxic to methanogens and thus
inhibit CH4 production [Reay and Nedwell, 2004; Xu and
Inubushi, 2004]. N fertilization has also been shown to sup-
press the activity of methanotrophic bacteria, resulting in
different effects depending on the dose of N addition
[Bodelier and Laanbroek, 2004; King and Schnell, 1998].
Nykanen et al. [2002] found that no difference in CH4

production or consumption potentials in a Sphagnum
fuscum-dominated peatland was observed following N
fertilization, though they did find an increase in CH4 emis-
sions. This might be because other factors could also have
contributed to or interacted with CH4 dynamics affected by
N addition. For example, Keller et al. [2005] reported that
N fertilization appeared to result in a shift in the dominant
plant community structure. Nykanen et al. [2002] found that
N addition influenced root exudates and then CH4 produc-
tion. Also, interactions between the nitrogen and CH4 cycle
are complex and far from understood [Bodelier, 2011]. More
parameters, such as plant community structure, plant litter,
root exudates, and roots [Banger et al., 2012], or interactive
functions between microbes and plants [Bodelier, 2011],
ought to be further investigated in the future to thoroughly
explain the N-CH4 dynamics.
4.1.3. N2O Fluxes
[25] In our study, N2O emissions were increased by an

average of 396% under high-level N addition (240 kgN
ha�1 year�1). However, it is notable that the low and
medium-N addition (60 and 120 kgN ha�1 year�1) showed
no significant differences in N2O emissions compared to
the control plot during the 5 year N addition experiment
(P> 0.05), while N2O emissions in the high-level N fertiliza-
tion plot was significantly higher than those in the low and
medium-level N addition plots. White and Reddy [1999] also
found that significant increases in denitrification rates in the
Everglade soils were more pronounced in response to high N
treatments than low N treatments, though Nadelhoffer et al.
[1999] reported that soil N2O emission exhibited positively
linear relationships with the rates of N inputs in nine temperate
forests in Europe. Liu and Greaver [2009] concluded that N2O
emission was significantly lower at low N addition rate (<55
kgN ha�1 year�1) compared with high N addition rate (>150
kgN ha�1 year�1), which agreed with our study.
[26] Unlike the case with ecosystem respiration, it is nota-

ble that N2O emission from the fifth year of high N addition
showed more pronounced responses to N addition compared
with that from the initial 4 years. That may be because a
large proportion of fertilized N is retained in plants and sur-
face soil organic matter over a shorter time period (<1 year),
instead of being involved in nitrification or denitrification
[Curtis et al., 2006], and thus have less effect on N2O fluxes.
4.1.4. Environmental Controls on the Gas Fluxes
[27] The strong correlation between ecosystem respiration

and soil temperature in the current study agrees well with other
field studies conducted in wetland ecosystems [Lafleur et al.,
2005; Phillips et al., 2010]. Ecosystem respiration increased
with an increase in soil temperature [Song et al., 2009; Phillips
et al., 2010], and this positive effect was clearly evident in this
study as well. The Q10 is commonly used to express the
relationship between respiration rate and temperature
[Kirschbaum, 2006]. The Q10 for the respiration rate in the
control treatment was 1.32. We found that the temperature

sensitivity of ecosystem respiration increased for the medium
and high-level N plots (Q10 = 1.98; 2.21) compared to that of
control. This implies that the sensitivity of ecosystem respira-
tion to soil temperatures would increase as the level of N input
increases. Another study conducted in a temperate semiarid
steppe also showed a greater temperature sensitivity of ecosys-
tem respiration under N addition [Yan et al., 2011]. The
enhanced temperature sensitivity of ecosystem respiration
might be due to N stimulation of microbial activities under
N addition.
[28] In our study, there was significantly negative relation-

ship between variations of CH4 fluxes and soil temperatures
at the control, low, and medium-level N addition plots.
However, we found that CH4 flux was uncorrelated with soil
temperature at 5 cm depth at the high-level N addition plot.
Also, there were no correlations between N2O flux and soil
temperature at 5 cm depth in N addition plots, though signif-
icantly positive relationship was observed between N2O flux
and soil temperature at 5 cm depth for control plot. N addi-
tion might interact with the temperature-controlled CH4 or
N2O production processes, such that responses of related
microbes [Wrage et al., 2001; Banger et al., 2012] to tem-
perature change varied with occurrence of changing N avail-
abilities. Significantly positive relationship was observed
between CH4 fluxes and water table depth in the current
study, and this relationship was also found in other studies
[Updegraff et al., 2001; Huissteden et al., 2006]. Ecosystem
respiration and N2O fluxes showed negative relationship
with water table depth in this study, which agrees well with
the studies of Chimner and Cooper [2003] and Huissteden
et al. [2006]. We hypothesize that responses of GHGs fluxes
to N addition in wetland ecosystems might be interactively
influenced by soil temperature, water table depth, and
amount of fertilizer N.
[29] However, the relationships between soil microclimate

conditions and GHGs on year scale are complicated
(Tables 5 and 6). For example, the significant relationship
between water table depth and CH4 fluxes did not exist
every year. Thus, it is hard to only contribute the interannual
GHG dynamics to variations in the soil microclimate condi-
tions. More detailed parameters need to be investigated in
the future to explore the interannual variations in GHG
dynamics under continuous N enrichment.

5. Conclusions

[30] This study presents results of a 5 year field experi-
ment for net exchanges of CH4 and N2O, and ecosystem
respiration in response to N addition in freshwater marsh
in the Sanjiang Plain, Northeast China. The results indicated
that high-level N fertilization in the first year stimulated eco-
system respiration more than it did in the following years,
while low-level N addition showed no effect on ecosystem
respiration over the study period. No statistically significant
differences in CH4 fluxes were found among the four N
treatments. N2O emission from the first and fifth years of
high-level N addition showed more pronounced responses
to N addition compared with that from the third and fourth
years. N2O emission under the low and middle-level N
addition showed no significant difference with that from
nonfertilized plot. The responses of GHG fluxes to N
addition depend on gas species, experimental time, and
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amounts of N fertilization. The results of our study affirm the
importance of long-term field studies with multiple levels of
N addition for assessing the impact of chronic N addition on
the three GHGs, indicating that the current biogeochemical
models based on short-term and single N input level’s experi-
ment might not be sufficiently robust for long-term application.
[31] To the best of our knowledge, this study is among the

first long-term field observations simultaneously covering
multiple greenhouse gases and multiple N addition levels
conducted on natural wetlands. Given that natural wetlands
are often nitrogen-limited and have significant influence on
GHG budget [Post et al., 1982; Chapin et al., 2002], the
information provided in this study may merit future research.

[32] Acknowledgments. We thank the editors and two anonymous ref-
erees for their valuable suggestions to improve this manuscript a lot. We thank
Li-Hua Zhang, De-Yan Liu, and Ruijuan Ge for the maintenance of the field
experimental plots. This work has been supported by Strategic Priority
Research Program—Climate Change: Carbon Budget and Related Issue
of the Chinese Academy of Sciences, Grant No. XDA05050508 and
XDA05020502, the National Natural Science Foundation of China
(40930527, 41101090, 41125001, and 41171169), the National Key Basic
Research Support Foundation of China (2009CB421103), and the Knowledge
Innovation Program of the Chinese Academy of Sciences (KZCX2-YW-JC301).

References
Aerts, R., and H. de Caluwe (1999), Nitrogen deposition effects on carbon
dioxide and methane emissions from temperate peatland soils, Oikos, 84,
44–54.

Banger, K., H. Tian, and C. Lu (2012), Do nitrogen fertilizers stimulate or
inhibit methane emissions from rice fields? Glob. Chang. Biol., 18,
3259–3267, doi:10.1111/j.1365-2486.2012.02762.X.

Berendse, F., et al. (2001), Raised atmospheric CO2 levels and increased N
deposition cause shifts in plant species composition and production in
Sphagnum bogs, Glob. Chang. Biol., 7(5), 591–598.

Bodelier, P. L. E. (2011), Interactions between nitrogenous fertilizers and
methane cycling in wetland and upland soils, Curr. Opin. Environ.
Sustain., 3(5), 379–388.

Bodelier, P., and H. Laanbroek (2004), Nitrogen as a regulatory factor
of methane oxidation in soils and sediments, FEMS Microbiol. Ecol.,
47, 265–277.

Bonneville, M. C., I. B. Strachan, E. R. Humphreys, and N. T. Roulet
(2008), Net ecosystem CO2 exchange in a temperate cattail marsh in rela-
tion to biophysical properties, Agr. Forest. Meteorol., 148, 69–81.

Bowden, R., E. Davidson, K. Savage, C. Arabia, and P. Steudler (2004),
Chronic nitrogen additions reduce total soil respiration and microbial
respiration in temperate forest soils at the Harvard Forest, For. Ecol.
Manage., 196, 43–56.

Bragazza, L., et al. (2006), Atmospheric nitrogen deposition promotes carbon
loss from peat bogs, Proc. Natl. Acad. Sci. U.S.A., 103, 19386–19389.

Bridgham, S., D. Scott, and C. A. Johnston (1995), Potential feedbacks of
northern wetlands on climate change, Bioscience, 45, 262–274.

Burton, A., K. S. Pregitzer, J. N. Crawford, G. P. Zogg, and D. R. Zak
(2004), Simulated chronic NO3-deposition reduces soil respiration in
northern hardwood forests, Glob. Chang. Biol., 10, 1080–1091.

Chapin, F., P. Matson, and H. Mooney (2002), Principles of terrestrial
ecosystem ecology. Springer Verlag, New York, NY, USA.

Chapin, C. T., S. D. Bridgham, and J. Pastor (2004), pH and nutrient effects
on above-ground net primary production in a Minnesota USA bog and
fen, Wetlands, 24, 186–201.

Chimner, R. A., and D. J. Cooper (2003), Influence of water table levels on
CO2 emissions in a Colorado subalpine fen: an in situ microcosm study,
Soil Biol. Biochem., 35, 345–351.

Curtis, C. J., B. A. Emmett, B. Reynolds, and J. Shilland (2006), How impor-
tant is N2O production in removing atmospherically deposited nitrogen from
UK moorland catchments? Soil Biol. Biochem., 38, 2081–2091.

Ding, W. X., Z. C. Cai, and H. Tsuruta (2004), Cultivation, nitrogen fertil-
ization, and set-aside effects on methane uptake in a drained marsh soil in
Northeast China, Glob. Chang. Biol., 10, 1801–1809.

Dong, H. B., Z. S. Yao, X. H. Zheng, B. L. Mei, B. H. Xie, R. Wang,
J. Deng, F. Cui, and J. Zhu (2011), Effect of ammonium-based, non-
sulfate fertilizers on CH4 emissions from a paddy field with a typical
Chinese water management regime, Atmos. Environ., 45, 1095–1101.

Ellen, H., T. Laura, H. Anya, and C. Christopher (2012), Quantifying the
Impacts of Nutrient Enrichment on the Greenhouse Gas Emissions and

Water Quality Improvement Functions of a Tidal Freshwater Wetland.
ASA, CSSA, and SSSA International Annual meetings. Oct. 21–24,
2012, Cincinnati, Ohio.

Galloway, J., et al. (2004), Nitrogen cycles: Past, present, and future,
Biogeochemistry, 70, 153–226.

Galloway, J. N., F. J. Dentener, E. Marmer, Z. Cai, Y. P. Abrol,
V. K. Dahwal, and A. V. Murugan (2008), The environmental reach of
Asia, Annu. Rev. Environ. Resour., 33, 461–481.

Guo, Y., Z. Wan, and D. Liu (2010), Dynamics of dissolved organic
carbon in the mires in the Sanjiang Plain, Northeast China, J. Environ.
Sci., 22(1), 84–90.

Hadi, A., K. Inubushi, E. Purnomo, F. Razie, K. Yamakawa, and H. Tsuruta
(2000), Effect of land-use changes on nitrous oxide (N2O) emission from
tropical peatlands, Chemosphere-Global Change Sci., 2(3–4), 347–358.

Heffer, P. (2009), Assessment of Fertilizer Use by Crop at the Global
Level 2006/07–2007/08, International Fertilizer Industry Association,
Paris, France.

Hernandez, M. E., and W. J. Mitsch (2006), Influence of hydrologic pulses,
flooding frequency, and vegetation on nitrous oxide emissions from
created riparian marshes, Wetlands, 26(3), 862–877.

Huissteden, J. V., R. van den Bos, and I. M. Alvarez (2006), Modelling the
effect of water-table management on CO2 and CH4 fluxes from peat soils,
Neth. J. Geosci., 85(1), 3–18.

IPCC (Intergovernmental Panel on Climate Change) (2007), Climate
change 2007: The physical science basis, in Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change, edited by Solomon, S., D. Qin, M. Manning,
Z. Chen,M.Marquis, K. B. Averyt, M. Tignor, and H. L.Miller, Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Keller, J., J. R. White, S. Bridgham, and J. Pastors (2004), Climate change
effects on carbon and nitrogen mineralization in peatlands through
changes in soil quality, Glob. Chang. Biol., 10, 1053–1064.

Keller, J. K., S. D. Bridgham, C. T. Chapin, and C. M. Iversen (2005),
Limited effects of six years of fertilization on carbon mineralization
dynamics in a Minnesota fen, Soil Biol. Biochem., 37, 1197–1204.

King, G., and S. Schnell (1998), Effects of ammonium and non-ammonium
salt additions on methane oxidation byMethylosinus trichosporium OB3b
and Maine forest soils, Appl. Environ. Microbiol., 64, 253.

Kirschbaum, M. U. F. (2006), The temperature dependence of organic-
matter decomposition—Still a topic of debate, Soil Biol. Biochem., 38(9),
2510–2518, doi:10.1016/j.soilbio.2006.01.030.

Lafleur, P. M., T. R. Moore, N. T. Roulet, and S. Frolking (2005), Ecosystem
respiration in a cool temperate bog depends on peat temperature but not
water table, Ecosystems, 8, 619–629, doi:10.1007/s10021-003-0131-2.

Liu, L., and T. L. Greaver (2009), A review of nitrogen enrichment effects
on three biogenic GHGs: The CO2 sink may be largely offset by stimu-
lated N2O and CH4 emission, Ecol. Lett., 12, 1103–1117.

Lu, Y. (2008), Effects of main biologic process on greenhouse gases emission
in freshwater marsh. Chinese Academy of Sciences (Doctoral dissertation).

Lu, C. Q., and H. Q. Tian (2007), Spatial and temporal patterns of nitrogen
deposition in China: Synthesis of observational data, J. Geophys. Res.,
112, D22S05, doi:10.1029/2006JD 007990.

Lu, C. Q., and H. Q. Tian (2013), Net greenhouse gas balance in response to
nitrogen enrichment: Perspectives from a coupled biogeochemical model.
Glob. Chang. Biol., doi:10.1111/gcb.12049.

Lu, C. Q., H. Q. Tian, M. L. Liu, W. Ren, X. F. Xu, G. S. Chen, and
C. Zhang (2012), Effect of nitrogen deposition on China’s terrestrial
carbon uptake in the context of multifactor environmental changes,
Ecol. Appl., 22, 53–75, http://dx.doi.org/10.1890/10-1685.1.

Maier, C. A., and L. W. Kress (2000), Soil CO2 evolution and root respira-
tion in 11 year-old loblolly pine (Pinus taeda) plantations as affected by
moisture and nutrient availability, Can J For Res, 30, 347–359.

Mao, R., C. C. Song, X. H. Zhang, X. W. Wang, and Z. H. Zhang (2012),
Response of leaf, sheath and stem nutrient resorption to 7 years of N
addition in freshwater wetland of Northeast China, Plant Soil,
doi:10.1007/s11104-012-1370-9.

Mer, J. L., and P.. Roger (2001), Production, oxidation, emission and con-
sumption of methane by soils: A review, Eur. J. Soil Biol, 37, 25–50.

Nadelhoffer, K., B. A. Emmett, P. Gundersen, O. J. Kjønaas, C. J. Koopmans,
P. Schleppi, A. Tietema, and R. F. Wright (1999), Nitrogen deposition
makes a minor contribution to carbon sequestration in temperate forests,
Nature, 398, 145–148.

Nykanen, H., H. Vasander, J. T. Huttunen, and P. J. Martikainen (2002),
Effect of experimental nitrogen load on methane and nitrous oxide fluxes
on ombrotrophic boreal peatland, Plant Soil, 242, 147–155.

Pan, Y. P., Y. S. Wang, G. Q. Tang, and D. Wu (2012), Wet and dry
deposition of atmospheric nitrogen at ten sites in Northern China,
Atmos. Chem. Phys., 12, 6515–6535, doi:10.5194/acp-12-6515-2012.

Phillips, S. C., R. K. Varner, S. Frolking, J. W. Munger, J. L. Bubier,
S. C. Wofsy, and P. M. Crill (2010), Interannual, seasonal, and diel

SONG ET AL.: N EFFECTS ON GREENHOUSE GAS FLUX

750

http://dx.doi.org/10.1890/10-1685.1


variation in soil respiration relative to ecosystem respiration at a wetland
to upland slope at Harvard Forest, J. Geophys. Res., 115, G02019,
doi:10.1029/2008JG000858.

Post, W., W. R. Emanuel, P. J. Zinke, and A. G. Stangenberger (1982), Soil
carbon pools and world life zones, Nature, 298, 156–159.

Pregitzer, K. S., A. J. Burton, D. R. Zak, and A. F. Talhelm (2008),
Simulated chronic nitrogen deposition increases carbon storage in
Northern Temperate forests, Glob. Chang. Biol., 14, 142–153.

Reay, D., and D. Nedwell (2004), Methane oxidation in temperate soils:
Effects of inorganic N, Soil Biol. Biochem., 36, 2059–2065.

Roehm, C. L. (2005), Respiration in wetland ecosystems, in Respiration in
Aquatic Ecosystems, edited by P. A. Giorgio and P. J. I. B. Williams, pp.
83–102, Oxford University Press, New York.

Saarnio, S., S. Järviö, T. Saarinen, H. Vasander, and J. Silvola (2003),
Minor changes in vegetation and carbon gas balance in a boreal mire un-
der a raised CO2 or NH4NO3 supply, Ecosystems, 6(1), 46–60.

Schimel, J. (2000), Global change: Rice, microbes and methane, Nature,
403, 375–377.

Schlesinger, W. H. (2009), On the fate of anthropogenic nitrogen, Proc.
Natl. Acad. Sci., 106, 203–208.

Silvola, J., S. Saarnio, J. Foot, I. Sundh, A. Greenup, M. Heijmans,
A. Ekberg, E. Mitchell, and N. van Breemen (2003), Effects of elevated
CO2 and N deposition on CH4 emissions from European mires, Global
Biogeochem. Cycles, 17(2), 1068, doi:10.1029/2002GB001886.

Song, C. C., X. F. Xu, H. Q. Tian, and Y. Y. Wang (2009), Ecosystem-
atmosphere exchange of CH4 and N2O and ecosystem respiration in
wetlands in the Sanjiang Plain, Northeastern China, Glob. Chang. Biol.,
15, 692–705.

Song, C. C., L. Sun, Y. Huang, Y. S. Wan, and Z. M. Wan (2011), Carbon
exchange in a freshwater marsh in the Sanjiang Plain, northeastern China,
Agr. Forest. Meteorol., 151, 1131–1138.

Sun, Z. G. (2007), Study on the Nitrogen Biogeochemical Process of
Calamagrostis angustifolia Wetland in the Sanjiang Plain, Chinese
Academy of Sciences (Doctoral Dissertation).

Treat, C., J. Bubier, R. Varner, and P. Crill (2007), Timescale dependence
of environmental and plant-mediated controls on CH4 flux in a temperate
fen, J. Geophys. Res., 112, G01014, doi:10.1029/2006JG000210.

Updegraff, K., S. D. Bridgham, J. Pastor, P. Weishampel, and C. Harth
(2001), Response of CO2 and CH4 emissions from peatlands to warming
and water table manipulation, Ecol. Appl., 11, 311–326.

de Vries W., et al. (2009), The impact of nitrogen deposition on carbon
sequestration by European forests and heathlands, For. Ecol. Manage.,
258(8), 1814–1823.

Wang, Y., and Y. Wang (2003), Quick measurement of CH4, CO2 and
N2O emission from a short-plant ecosystem, Adv. Atmos. Sci., 20,
842–844.

White, J., and K. Reddy (1999), Influence of nitrate and phosphorus loading
on denitrifying enzyme activity in Everglades wetland soils, Soil Sci. Soc.
Ame. J., 63, 1945–1955.

Wrage, N., G. L. Velthof, M. L. van Beusichem, and O. Oenema (2001),
Role of nitrifier denitrification in the production of nitrous oxide, Soil
Biol. Biochem., 33, 1723–1732.

Xia, J., and S. Wan (2008), Global response patterns of terrestrial plant
species to nitrogen addition, New Phytol., 179, 428–439.

Xia, J., S. Niu, and S. Wan (2009), Response of ecosystem carbon exchange
to warming and nitrogen addition during two hydrologically contrasting
growing seasons in a temperate steppe, Glob. Chang. Biol., 15,
1544–1556.

Xie, B., et al. (2010), Effects of nitrogen fertilizer on CH4 emission from
rice fields: multi-site field observations, Plant Soil, 326, 393–401.

Xu, X., and K. Inubushi (2004), Effects of N sources and methane concen-
trations on methane uptake potential of a typical coniferous forest and its
adjacent orchard soil, Biol. Fertil. Soils, 40, 215–221.

Yan, L. M., S. P. Chen, J. H. Huang, and G. H. Lin (2011), Increasing water
and nitrogen availability enhanced net ecosystem CO2 assimilation of a
temperate semiarid steppe, Plant Soil, 349, 227–240.

Zhang, L., C. C. Song, and D. X. Wang (2005), Effects of nitrogen fertiliza-
tion on carbon balance in the freshwater marshes. Env. Sci., 27(7),
1257–1263 (In Chinese with English Abstract).

Zhang, L. H., C. C. Song, D. X. Wang, and Y. Y. Wang (2007a). Effects of
exogenous nitrogen on freshwater marsh plant growth and N2O fluxes in
Sanjiang Plain, Northeast China, Atmos. Environ., 41, 1080–1090.

Zhang, L. H., C. C. Song, D. X. Wang, and Y. Y. Wang (2007b), Relationship
of ecosystem respiration with temperature, nitrogen and plant in freshwater
marshes. Env. Sci., 28(1),1–8 (In Chinese with English Abstract).

Zhang, L. H., C. C. Song, D. X. Wang, Y. Y. Wang, and X. X. Xu (2007c),
The variation of methane emission from freshwater marshes and response
to the exogenous N in Sanjiang Plain northeast China, Atmos. Environ.,
19(41),4063–4072.

Zhao, K. (1999), Chinese Mires, Science Press, Beijing, China.

SONG ET AL.: N EFFECTS ON GREENHOUSE GAS FLUX

751



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


