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HIGHLIGHTS

e We investigated the variability of methane emissions from a cool temperate marsh.
e Surface soil temperature exerted dominant control on the seasonal variability.

e The spatial variability was mainly controlled by the changes of water table level.

e The upscaled chamber based model overestimated methane emission by 28%.
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Although methane (CHy4) fluxes from northern wetlands in Asia have been described in previous research
at different temporal and spatial scales, integrated studies at the ecosystem scale were scarce. In this
study, CH4 fluxes were measured using eddy covariance (EC) technique and the chamber method in a
cool temperate marsh in northeast China during the growing season (May—September) of 2011. CHg
emissions were highly variable, both temporally and spatially during the measurement period. According
to the EC observation data, CHy4 fluxes showed a significant diurnal cycle during the mid-growing season

f/[eg tﬁg;‘f}lux variability with nighttime average flux about 67% of the average daytime values. Daily cumulative CHy4 fluxes varied
Marsh from 54 to 250 mg CHs m~2 d~! with an average flux of 136.2 mg CH4 m~2 d~. The observations of

chamber method showed that CH4 emissions differed markedly among the three main plant commu-
nities. Average flux at the Carex lasiocarpa site was about 4 times and 13.5 times of that at the Glyceria
spiculosa site and Deyeuxia angustifolia site, respectively. The spatial variability of CH4 flux was mainly
controlled by the varying water table level as well as the spatial distribution of different vascular plants,
while the seasonal dynamic of CH4 emission could be best explained by the change of surface soil
temperature and air pressure. A comparison was made between EC measurements and the upscaled
chamber based model. The results from the model overestimated CH4 emission by 28% compared to the
EC data. Considering the large variability of methane emission, it is necessary to conduct continuous
observations on CH4 emission from northern wetlands at different temporal and spatial scales to
comprehend the variability and also to predict responses to climate change.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Northern wetlands are the primary natural source of methane
(CH4) into the atmosphere and they contribute between 6 and
40 Tg CH,4 yr~! with a wide variation in rates (Worthy et al., 2000;
Houghton et al,, 2001; Zhuang et al.,, 2006; Roulet et al., 2007).
Because CH4 gas emitted is 25 times more effective in absorbing
heat in the atmosphere than CO; on a 100-year time scale and
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contributes to over 20% of global warming (IPCC, 2007), even a
modest change in methane sources can change the sign of the
greenhouse gas budgets of northern wetlands. A wetland can be a
carbon sink and greenhouse gas source at the same time (Whiting
and Chanton, 2001; Friborg et al., 2003; Rinne et al., 2007). Because
of the high temperature sensitivity of the biogeochemical processes
of northern wetlands, CH4 emission from these ecosystems should
be given sustained attention considering the spatial pattern and
magnitude of current and anticipated changes in climate
(Schlesinger, 1997; IPCC, 2007).

For natural wetlands, CH4 is produced by microbes in anaerobic
sediments and transported to the atmosphere by both physical
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(diffusion and ebullition) and biological (plant-mediated) processes
(Lai, 2009). Measuring CH4 flux which is produced solely by mi-
crobes is much more complicated than measuring CO; flux which is
mainly routed through plants. Microbes produce hot and cold
sources across a landscape that may vary by two to three orders of
magnitude within a few meters (Baldocchi, 2003, 2012). Therefore
both temporal and spatial variability in CH4 emission should be
concerned when investigating ecosystem scale CH4 dynamics
within a wetland site.

The chamber method and the micrometeorological eddy
covariance (EC) technique are the main two techniques for CHy
measurements. Existing studies of CH, fluxes from wetlands were
mostly based on the chamber method. Although the labor intensive
chamber technique provides discontinuous measurements repre-
sentative on the very small scale (<1 m?), it is still quite useful
when conducting some process-based research. The applications of
EC technique for CHy4 flux observation before 2000 were relatively
few (Verma et al., 1992; Suyker et al., 1996; Hargreaves and Fowler,
1998; Kim et al., 1998). In recent years, the number of CH4 mea-
surements using eddy covariance technique is increasing (Rinne
et al., 2007; Riutta et al, 2007; Hendriks et al., 2008, 2010;
Jackowicz-Korczynski et al., 2010; Schrier-Uijl et al., 2010; Herbst
et al., 2011; Parmentier et al., 2011). The EC technique can provide
continuous and area-integrated flux at the ecosystem scale (10%—
10* m?). Compared with the chamber method, the use of EC tech-
nique for CH4 emission from natural ecosystems is quite limited at
present due to the high cost, the difficulty of maintenance in the
harsh field environment and, in some cases, the infeasibility of
power supply.

CH4 fluxes from natural wetlands in Asia have been described in
previous research at varying temporal and spatial scales (Ding et al.,
2004; Ding and Cai, 2007; Song et al., 2009, 2011; Miao et al., 2012),
however, integrated studies at the ecosystem scale has not yet been
reported. In this research, based on micrometeorological EC tech-
nique and closed-chamber method, the growing season CHyg
emission was measured from a permanently inundated freshwater
marsh in northeast China. The three aims of this study were (1) to
elucidate the temporal and spatial variability of CH4 flux at the
ecosystem scale; (2) to identify the most relevant factors that in-
fluence CH4 emission from this wetland type; and (3) to make a
preliminary comparison between CH4 emissions derived from EC
technique and those from the upscaled chamber measurements.

2. Material and methods
2.1. Site description

The study site is a permanently inundated and eutrophic marsh
in the Sanjiang Plain, northeast China (47°53’ N, 133°30’ E) at a
latitude representative of the natural freshwater wetlands in this
area (55 m a.s.l.). The Sanjiang Plain inhibits approximately
10,400 km? freshwater wetland area in China and is at present
divided into many zones by cultivated lands (Zhao, 1999; Song et al.,
2011).

Although the marsh is a dish-like depression, its slope grade is
quite low (about 1:5000) and the topography is flat with Carex
lasiocarpa as the dominant vegetation. Other plants in the marsh
include Carex pseudo-curaica, Glyceria spiculosa, Carex limosa,
Deyeuxia angustifolia and Carex meyeriana. The morphological
appearance of the herbaceous vegetation in the marsh looks quite
similar. The three main types of vegetation community dominated
by C. lasiocarpa, G. spiculosa and D. angustifolia, respectively, suc-
cessively show a concentric distribution pattern with the gradual
decrease of water table level along the center to the edge of the
marsh.

The climate is a temperate continental monsoon type with
annual mean temperature 2.5 °C. The mean temperature in July
and January is 22 and —21 °C, respectively. The mean annual
precipitation is approximately 558 mm with approximately 80%
occurring during the growing season from May to September.
Precipitation is the main water source in freshwater marshes in
normal years. Water and soil in marshes are completely frozen
from late October to next April and begin to melt from late April
till July.

2.2. Eddy covariance measurements

An instrument mast was erected in the marsh at the beginning
of May 2011. To measure wind speed and sonic temperature, a
three-dimensional ultrasonic anemometer (CSAT-3 Campbell, Sci-
entific, USA) was installed on the mast at a height of 2.5 m above
the ground. At the same height, with a separation of 15 cm, an inlet
was situated where air was drawn down toward the fast green-
house gas analyzer (FGGA, Los Gatos Research, Mountain View, CA,
USA). CH4, CO, and H,0 concentrations were measured by FGGA
based on off-axis integrated cavity ringdown spectroscopy (Baer
et al, 2002). All measurements were taken at a nominal fre-
quency of 10 Hz and the data were stored on a datalogger (CR3000,
Campbell, scientific, USA).

For the closed-path gas analyzer, a dry vacuum scroll pump
(XDS35i, BOC Edwards, Crawley, UK) was adopted to draw the
sampling air through a 7 m tube (inner diameter 6.4 mm, made of
fluorinated ethylene propylene to minimize sorption or desorption)
into the measuring cell at the operating pressure of approximately
19 kPa. The air was filtered through a filter with a pore size of 10 um
to prevent dust and insects from entering the system and through
two 2 um Swagelok filters (one internal and one external) before
entering the measuring cell. Because the pump and the gas
analyzer had a high power requirement, the EC system ran on AC
power supply during the measurement period.

The average height of marsh plants changed from about 0.0 m to
about 0.5 m. The terrain around the instrument mast was flat and
uniform with a fetch of at least 280 m in the prevailing southeast
wind direction and at least 200 m in all other directions.

Processing of high-frequency EC data was performed with
EddyPro 4.1 (www.licor.com/eddypro). Raw data were filtered
for spikes and linear detrending was used. Double coordinate
rotations were performed to align the mean vertical velocity
measurements normal to the mean wind streamlines before
scalar flux calculations. Using the maximum cross-correlation
method (relative to the vertical velocity or temperature), time
lags were determined for each half-hourly period. Half-hourly
fluxes of CH4, CO, and H;0 were calculated as the mean
covariance of vertical wind velocity and scalar fluctuations. The
WPL correction for density fluctuations arising from variations
in water vapor was applied according to Ibrom et al. (2007b) by
using the uncorrected covariances of water vapor mass density
with the vertical wind velocity when correcting the dilution
effect. The low-pass filtering effects were assessed and corrected
using the method of Ibrom et al. (2007a) based on in site
determination of water vapor attenuation and on a model for
the corresponding spectral correction factor. Quality control
criteria according to Mauder and Foken (2004) were used to
reject bad data. Additionally, data were excluded when the
pump stopped working due to maintenance or high temperature
in summer and when the transmission of sound on the sonic
anemometer was blocked by heavy rain. CH4 flux was calculated
by adding the rate of CH4 storage change (S) to the turbulent
flux. S was estimated from the changes in the average CHy
concentrations at the sensor height over the 30-min intervals
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assuming that the CH4 concentrations were representative for
the entire air column below the sensors. The data collected
during weak turbulence were removed from further analyses by
filtering all half hour fluxes with friction velocity (u*) below
0.1 m s~ The threshold was determined by analyzing the
relationship between u* and methane flux during the growing
season (Long et al., 2010). By these procedures, 40% of the data
were removed. Data gaps less than 2 h were filled by linear
interpolation. Longer gaps were filled with average data derived
from compiling the 30 min ensemble average trend of five days
prior to and following the gap. Two long data gaps (June 15—18
and August 5—8) occurred during the measurement period
because of the maintenance of pump.

2.3. Chamber measurements

During the growing season of 2011, independent methane flux
measurements by static chamber method were performed. Along
the center to the edge of the marsh, three sites were set up for
chamber measurements within 200 m distance southeast of EC
mast. The main plant community at each site was C. lasiocarpa, G.
spiculosa and D. angustifolia, respectively. There were three repli-
cates in each site and boardwalks were constructed around the
sample plots to minimize disturbance.

CH4 emission measurements were made at biweekly intervals
and in each measurement day, gas was sampled from 6:00 to
18:00 at 2 h interval using stainless steel made chambers
(50 cm x 50 cm x 50 cm). During each observation, the chambers
were placed into the collars with water to prevent leakage, and
the vegetation was included within the chambers. Inside each
chamber, a small fan and a thermometer sensor were installed.
Gas sampling lasted half an hour and four gas samples were took
in 10-min intervals.

The gas samples were stored in syringes less than 12 h before
being measured in the laboratory of the Sanjiang Station. Gas
chromatography (Agilent 4890D, Agilent Co., Santa Clara, CA, USA)
was used to measure the CH,4 concentrations; then the gradient of
CH4 concentration during sampling was used to calculate the CHy
flux. Sample sets were rejected unless they yielded a linear
regression of R? greater than 0.85. Average CH,4 flux and standard
deviation were calculated from the three replicates for each
observation in each site.

2.4. Auxiliary measurements

Supporting meteorological data of net radiation (R;), photo-
synthetic active radiation and barometric pressure (P) at a height of
2 m, air temperature, relative humidity and wind speed and di-
rection at 1, 2 and 3 m, soil temperature at 5, 10, 15, 20, 30, 40 and
70 cm depths below the surface and precipitation were obtained
from a long-term automatic weather station about 200 m away
from the EC system in the marsh. Continuous and automatic re-
cordings of water table level (WTL) by pressure transducers (Od-
yssey, Dataflow Systems Pty Ltd., Christchurch, New Zealand) and
soil temperature at 5, 10, 15, 20 and 30 cm depths by multichannel
soil thermometer (YM-04, Yimeng Inc., China) were made at the
three chamber sites during the growing season. The sampling fre-
quency was 2 h for WTL and 0.5 h for soil temperature.

3. Results
3.1. Environmental conditions

Large variation in monthly average air temperature was
observed at the study site with the highest average temperature

occurring in July and the lowest in January (Fig. 1a). Except July, the
months in 2011 had average temperature close to the long-term
mean (based on measurements during 1991—2011). Average tem-
perature of 23.9 °C in July 2011 was higher than the long-term
mean (+SD) of 21.7 + 0.9 °C in this month (Fig. 1a). Annual pre-
cipitation of 508 mm in 2011 was slightly lower than the long term
average of 565 + 101 mm, which was mainly caused by the low
precipitation in July. Monthly precipitation in July fell greater than
one standard deviation below the long term average (Fig. 1b).

Due to the slightly depressional landform, the marsh was
permanently inundated and the spatial variation of water table
level was distinct (Fig. 1c). From the center to the edge of the marsh,
the average WTL declined from 29 to 14 cm during the measure-
ment period. Since precipitation is the main water source for the
marsh, WTL generally increased with rainfall and decreased with
evapotranspiration. For example, the relatively warm and dry
conditions in July resulted in a gradual decrease of WTL until an
18 mm rainfall occurred in early August (Fig. 1c).

The vegetation in the marsh began to leaf-out in May and
reached the maximum leaf area index around 2.4 in late July. The
plants showed visible signs of senescence in late August. Senes-
cence accelerated in September and there was almost no green
leaves remaining by late September.

3.2. Diurnal variation of CH4 emission

Based on the stage of plant growth, we divided the EC data set
into three separate time periods: (period 1) early growing season
(DOY 124—171); (period 2) mid-growing season (DOY 172—232)
and (period 3) late growing season (DOY 233—273). Fig. 2a shows
the diurnal cycle of CH4 flux averaged for each period. During the
early growing season, the rate of CH4 emission was relatively low
and steady throughout the day with an average rate of
3.8 mg CHy m? h™L. CH4 emission rate increased significantly
during the mid-growing season and there was a distinct diurnal
pattern with higher fluxes observed during the daytime than
nighttime. The clear increase of CH4 emission coincided with the
start of sunrise and the opposite occurred at the start of sunset
(Fig. 2a, b). CH4 emission rate kept relatively steady throughout
the daytime and generally, there was no remarkable emission
peak appearing at some regular time. The average emission rate
was 7.9 mg CHs m? h~! and the ratio of nighttime to daytime CHy4
flux averaged 0.67 during the mid-growing season. The magni-
tude of CHg4 flux during the late growing season was similar to that
of the early stage. CH4 emissions were lower during the nighttime
than daytime with an average ratio of 0.86 (Fig. 2a). Using bivar-
iate correlation analysis, we found no significant influence of
environmental factors (such as soil or air temperature, radiation
and friction velocity) on the diurnal cycle of CH4 emission for the
three periods.

3.3. Seasonal variation of CH4 emission

Daily cumulative EC CHy flux varied from 54 to
250 mg CH4 m~2 d~! with an average of 136.2 mg CHy m 2 d~!
during the growing season from May to September (Fig. 3). CHg
emission rate kept relatively smooth during May and began to in-
crease significantly since early June until the peaks appeared in
early July. For the period from DOY 191 to DOY 222 when daily
average air temperature remained higher than 20 °C, CH4 emission
rates fluctuated around 212 mg CH4 m2 d~ . Gradual decrease
began since mid August with small fluctuations until the end of the
measurement period (Fig. 3). The total emission was
20.4 g CHy m~2 during the growing season.
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Fig. 1. Seasonal patterns of (a) monthly mean air temperature (Tg), (b) monthly cumulative precipitation and (c) daily cumulative precipitation and daily average water table level
(WTL) at the three chamber sites. Mean represents the average of 1991—-2011 (based on measurements from the long-term weather station in the marsh) and error bars indicate

standard deviations.

On a daily time scale, a simple regression (Person correlation, 2-
tailed test for significance) showed that CH4 flux correlated
significantly with environmental variables of temperature and air
pressure (P < 0.01). No significant relationship was found between
CH4 flux and other variables such as water table level, wind speed
and radiation (P > 0.1). Of the temperature measured at different
heights or depths, soil temperature at 5 cm depth (Ts5) explained
the highest proportion of variation in CHy4 flux (Fig. 4a). We then
performed a multiple regression analysis with log transformed CHy
emission as the explained variable and Ts5 and P as the explanatory
variables. Linear ordinary least square regression was used to find
the best fit and estimate parameters. Results showed that Tg5 was
the dominant factor influencing the seasonal variation of CHg
emission (R? = 0.77, P < 0.01). When the variable of air pressure
was added, the model could give a 4% increase in its predictive
ability (AR? = 0.04, AF = 23, P < 0.01). Overall, 81% of the seasonal
variation of CH4 flux (log transformed) could be explained by soil
temperature (5 cm depth) and air pressure (CHy4 flux = exp (0.09
T;5—0.13P + 16.26), R?> = 0.81, P < 0.01).

3.4. Spatial variation of CH,4 emission

There were significant differences among the CHy fluxes
measured by chamber method at the three sites (Mann—Whitney U
test, P < 0.01). Highest CH4 emission was observed at the C. lasio-
carpa site near the center of the marsh with an average water table
level of 29 cm, while lowest CH4 emission was detected at the D.
angustifolia site near the edge of the marsh with an average WTL of
14 cm, and intermediate CH4 emission at the G. spiculosa site with
an average WTL of 20 cm (Figs. 5and 1c). The growing season
average CHy flux at the C. lasiocarpa site was 14.9 mg CHy m? h™,
nearly 4 times of that at the G. spiculosa site (3.9 mg CHy m? h™1),
and 13.5 times of that at the D. angustifolia site (1.1 mg CHy m? h™1).
The large differences in flux magnitude between the chamber sites
suggested considerable spatial variation of CH4 emission within the
marsh.

A bivariate correlation analysis using daily averages at the three
sites showed a significant relationship between CH,4 flux and water
table level (R? = 0.54, P < 0.01, n = 27), with linearly increasing CH
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emission with rising WTL. The relation between average Ts5 and the
average CHy fluxes at the three sites was not significant (P > 0.01,
n = 27). Since Tss5 generally decreased with the increase of WTL, the
effects of Tgs on the spatial variation of CH4 emission might be
obscured by the effects of WTL.

3.5. Comparison of EC measurement and chamber-based model

Similar to the response of EC measured CHy flux to temperature,
hourly CH4 fluxes measured by chambers at each site also showed
best relationship with Tss compared with soil temperature at other
depths. Using continuous Tg, hourly CHy4 flux for the whole
growing season were estimated and daily emissions were then
calculated for each site. To scale up the chamber data to the
ecosystem level, daily CHy fluxes were weighed according to the
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Fig. 3. Seasonal variation of daily cumulative CH4 emission during the growing season
of 2011.
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coverage fractions of the three main plant communities (Table 1).
The results of the upscaled regression model generally followed the
seasonal trend of EC measured CH4 flux although the former had a
relatively smooth temporal variation (Fig. 6a,b). Average daily
emission by the wupscaled regression model was
174.6 mg CH4 m? d ', 28% higher than that of the EC measurements
during the growing season.

4. Discussion
4.1. Diurnal and seasonal variability of CH4 emission

Diurnal variation of CH4 emission showed different patterns at
different growth periods (Fig. 2a). Clear diurnal variation of CHy
emission during the mid-growing season (period 2) was observed
in this research, as has been observed in many other studies
(Morrissey et al., 1993; Thomas et al., 1996; Kim et al., 1998; Van der
Nat et al., 1998; Garnet et al., 2005; Long et al., 2010). During the
mid and late growing season, there were synchronous changes of
CH,4 emission and radiation at sunrise and sunset hours while their
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Fig. 5. Seasonal variations of CH4 emissions at the three chamber sites dominated by
different marsh plants during the growing season. The error bars represent standard
deviations.
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Table 1
Results from the regression analyses of CH, fluxes with Tgs at each chamber site. The exponential equation was CH, flux = a exp (bTss).
Dependent variable Independent variable Plant community Coverage fraction n a b P R?
CH,4 flux (mg CHym 2 h™1) Tss (°C) Carex lasiocarpa 0.46 63 5.18 0.07 <0.01 0.50
Glyceria spiculosa 0.32 63 0.70 0.11 <0.01 0.67
Deyeuxia angustifolia 0.22 63 0.21 0.08 <0.01 0.52

Tss, soil temperature at 5 cm depth.

daytime fluctuations were quite different (Fig. 2a,b), indicating that
radiation might impose a short term and indirect influence on CHy
transport by affecting stomatal conductance.

For wetlands dominated by vascular plants, plant transport of
CH4 was found to be a very import pathway. CH4 transport by C.
lasiocarpa had been proved to account for over 80% of the total
emission from the permanently inundated marsh (Ding et al,
2004). There are two major mechanisms involved in the plant-
mediated transport of CH; from wetland to the atmosphere,
namely molecular diffusion and bulk flow (Joabsson et al., 1999).
Previous research found that aerenchymatous sedges like Carex
spp. released CH,4 by diffusive transport which was influenced by
stomatal conductance (Morrissey et al., 1993; Thomas et al., 1996;
Van der Nat et al.,, 1998; Kutzbach et al., 2004). The research by
Morrissey et al. (1993) found that CH4 emission rate corresponded
well to stomatal conductance in a Carex-dominated tundra and the
importance of stomatal pathway relative to cuticular pathway was
expected to vary through the growing season. In this research, we
considered plant-mediated diffusion as the major contributing
mechanism for the strong diurnal cycle of CH4 emission during the
mid-growing season. This could account for the relatively low CHy4
flux before (after) sunrise (sunset) when the minimum stomatal
conductance weakened ventilation and consequently transport of
CH4 through plants. Besides plant transport, diffusion through the
soil and water from deeper soil layers could also be an important
pathway for CH4 emission, which could partly explain the relatively
stable and low CH4 emission rates during the early and late growing
season when the living vascular plants available for CH4 transport
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Fig. 6. Comparison of daily cumulative CH4 flux by EC measurements and those
simulated by the upscaled chamber based model.

and organic material supply were less than those of the mid-
growing season.

Daily CH4 emission increased exponentially with the increase of
Tss which could explain about 77% of the seasonal variation of CHy
fluxes (Fig. 4a). Since methanogenesis occurs across a range of soil
depths which have different soil temperatures and diurnal lags, the
close relationship between CH4 emission and Tss in this research
could be ascribed to that soil temperature around 5 cm depth
represented the average temperature condition conducive to
methanogenesis.

In this research, air pressure was found to significantly improve
the exponential model based on soil temperature. The drop of air
pressure generally correlated with the increase of CH4 emission
(Fig. 4b), which suggested that ebullition could also be an impor-
tant pathway for CH4 emission from the marsh. This could be
further proved by our visual observations of ebullition from the
marsh at times. Ebullition has been showed to release a large
amount of CH4 and contribute to a significant portion (50%—64%) of
total CH4 flux measured in northern peatlands (Glaser et al., 2004;
Tokida et al., 2007). However, the sporadic occurrence and distri-
bution of ebullition in the field make it difficult to be independently
observed and quantified. CH4 emission by ebullition could often be
ignored when flux was measured by chamber method because of
its discontinuous samplings.

Water table level is generally considered to be a physical
parameter of major importance for CH4 emission from wetlands
(Kettunen et al., 1999; Frenzel and Karofeld, 2000; Updegraff et al.,
2001; Treat et al., 2007). In this study, the bivariate correlation
analysis showed that WTL was not significant in predicting the
seasonal variation of CHy fluxes. This is probably due to the fact that
the marsh soil and vegetation roots layer are permanently inun-
dated during the growing season (Fig. 1c) and thus the anaerobic
environment for methanogenesis and transport is kept relatively
stable. Similar results could also be found in the researches of
Jackowicz-Korczynski et al. (2010), Hargreaves et al. (2001),
Christensen et al. (2003), and Sachs et al. (2008).

4.2. Spatial variability of CH4 emission

According to the chamber measurements, growing season
average of CHy4 flux near the center of the marsh was 13.5 times of
that near the edge of the marsh (Fig. 5), which indicated that even
in a permanently inundated marsh with homogenous vegetation,
CH4 emission still showed large spatial variability. Although we
didn’t find significant influence of WTL on the seasonal variation
of CH4 emission, WTL could be one of the major controlling factors
for the spatial variation of CH4 emission with higher CH4 flux
corresponding to higher WTL. Besides WTL, vegetation type could
be another important controlling factor for the spatial variability
of CH4 release from wetlands (Schimel, 1995; Petrescu et al.,
2008). Ding et al. (2004) found that CH4 emissions from the C.
lasiocarpa community dropped by 81% while those from the D.
angustifolia community dropped by 21% after the plants were
clipped below the water surface of the inundated marsh. In this
research, different CH4 transport capacities among different
plants, especially between Carex spp. and Deyeuxia spp. could
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explain the observed spatial variability of CH4 emission to a large
extent.

4.3. Comparison of EC and regression model

CH4 emissions were compared between EC measurements and
the regression model based on chamber data and Tgs, taking into
account the relative coverage of the three main plant communities
in the marsh. Although the results from the model generally
showed good agreement with the EC data (Fig. 6a,b), the former
overestimated daily CH4 emission with approximately 28%. The
overestimation could be ascribed to the following: (1) The regres-
sion model was not sensitive enough to simulate changes of
ecosystem behavior and there will be no predicted response to
factor other than Tss5 in the current upscaling. However, as we have
found when analyzing factors controlling the seasonal variation of
CH4 flux measured by EC technique, air pressure could impose a
negative effect on CH4 release (Fig. 4b). Since the influence of air
pressure can not be considered in the chamber measurement, the
absence of parameter such as air pressure could partly lead to the
overestimation. Besides, the circadian rhythms of stomatal activ-
ities might have effect on CHy diffusion, as had been indicated by
the diurnal cycle of CH4 emission during the mid and late growing
season (Fig. 2a). Because chamber measurements were only con-
ducted during daytime when CH4 fluxes were relatively high, the
relatively low nighttime CH4 release could not be simulated and
thus resulted in an overestimation of the daily emission. (2)
Coverage fractions of different plant communities were dynamic
during the growing season, while a fixed ratio was used in the
model. This might lead to uncertainties in the upscaling process
since CH4 emissions from different plant communities varied
greatly, and a small change in the coverage fraction could signifi-
cantly influence the up-scaled results.

In this research, we didn’t use the footprint models to evaluate
CHy4 fluxes in different source areas. The application of footprint
models depends on the meteorological conditions. Splitting up the
model in small footprint area could result in limited data available
for each area and the footprint calculations have uncertainties of
their own. Furthermore, the concentric distribution of the vegeta-
tion types in the marsh made it difficult to estimate CHy4 flux from
some plant community using the footprint models. To investigate
the spatial variability of CH4 emission, the chamber method was the
better way while when investigating the temporal variability of CHy
emission at the ecosystem scale, the eddy covariance technique was
best.

5. Conclusions

The eddy covariance technique and the chamber method were
used in this study to measure CHy4 flux at a cool temperate marsh
site in northeast China. CH4 emission showed to be highly variable,
both temporally and spatially. Distinct diurnal pattern of CHy
emission was found during the mid-growing season and highest
daily emission appeared in early July. CHs emission differed
markedly among the three main plant communities. For the sea-
sonal dynamic of CH4 emission, surface soil temperature exerted
the dominant control and air pressure also showed some influence,
while spatial variability of CH4 emission was mainly controlled by
the change of water table level as well as the spatial distribution of
different marsh plants. Comparison of CH4 fluxes between EC
measurements and the upscaled chamber-based model generally
showed good agreement although the latter overestimated average
daily emission by 28%. To scale up the chamber measurement more
accurately, a continuous and detailed knowledge of the spatial
pattern of environmental and biotic variables was essential.

Both the temporal and spatial dynamic of CH4 emission in this
research indicated that long-term and continuous CH4 flux mea-
surements on various scales are needed to address seasonal,
interannual and spatial variations of CH4 emission, to adequately
quantify the emission amount and to identify the environmental
and biotic controlling mechanism for CH4 emission from wetlands
in the mid-high latitudes.

Acknowledgments

We acknowledge two anonymous reviewers for their
constructive comments on an earlier version of this paper. This
work has been jointly supported by the National Nature Science
Foundation of China (41125001, 41001051, 40930527), Strategic
Priority Research Program—Climate Change: Carbon Budget and
Related Issue of the Chinese Academy of Sciences (XDA05050508,
XDA05020502), and the Young Scientist Foundation of Northeast
Institute of Geography and Agroecology (08H2081). We thank Liu
Yayong and Yang Linlin for their technical assistance during the
field measurements.

References

Baer, D.S., Paul, ].B., Gupta, ].B., O’'Keefe, A., 2002. Sensitive absorption measure-
ments in the near-infrared region using off-axis integrated-cavity-output
spectroscopy. Appl. Phys. B-Laser Opt. 75 (2—3), 261—265.

Baldocchi, D., Detto, M., Sonnentage, O., Vefaillie, ]., Teh, Y.A., Silver, W., Kelly, N.M.,
2012. The challenge of measuring methane fluxes and concentrations over a
peatland pasture. Agric. Forest Meteorol. 153, 177—187.

Baldocchi, D.D., 2003. Assessing the eddy covariance technique for evaluating car-
bon dioxide exchange rates of ecosystems: past, present and future. Glob.
Chang. Biol. 9, 479—492.

Christensen, T.R., Ekberg, A., Strém, L., Mastepanov, M., Nicolai, P., Oquist, M.,
Svensson, B.H., Nykdnen, H., Martikainen, PJ., Oskarsson, H., 2003. Factors
controlling large scale variations in methane emissions from wetlands. Geo-
phys. Res. Lett. 30, 1414, http://dx.doi.org/10.1029/2002GL016848.

Ding, W., Cai, Z., 2007. Methane emission from natural wetlands in China: summary
of years 1995—2004 studies. Pedosphere 17 (4), 475—486.

Ding, W., Cai, Z., Tsuruta, H., 2004. Diel variation in methane emissions from the
stands of Carex lasiocarpa and Deyeuxia angustifolia in a cool temperate fresh-
water marsh. Atmos. Environ. 38, 181—-188.

Frenzel, P,, Karofeld, E., 2000. CH4 emission from a hollow-ridge complex in a raised
bog: the role of CH4 production and oxidation. Biogeochemistry 51, 91—112.

Friborg, T., Soegaard, H., Christensen, T.R., Lloyd, C.R., Panikov, N.S., 2003. Siberian
wetlands: where a sink is a source. Geophys. Res. Lett. 30 (21), 2129. http://
dx.doi.org/10.1029/2003GL017797.

Garnet, K.N., Megonigal, ].P., Litchfield, C., Tayor Jr., G.E., 2005. Physiological control
of leaf methane emission from wetlands plants. Aquat. Bot. 81, 141—155.

Glaser, PH., Chanton, J.P., Morin, P, Rosenberry, D.O., Siegel, D.I, Ruud, O,
Chasar, LI, Reeve, AS., 2004. Surface deformations as indicators of deep
ebullition fluxes in a large northern peatland. Glob. Biogeochem. Cycles 18,
GB1003. http://dx.doi.org/10.1029/2003GB002069.

Hargreaves, KJ., Fowler, D., 1998. Quantifying the effects of water table and soil
temperature on the emission of methane from peat wetland at the field scale.
Atmos. Environ. 32 (19), 3275—3282.

Hargreaves, KJ., Fowler, D., Pitcairn, CE.R., Aurela, M., 2001. Annual methane
emission from Finnish mires estimated by eddy covariance campaign mea-
surements. Theor. Appl. Climatol. 70, 203—213.

Hendriks, D.M.D., Dolman, AJ., van der Molen, M.K., van Huissteden, ]J., 2008.
A compact and stable eddy covariance set-up for methane measurements
using off-axis integrated cavity output spectroscopy. Atmos. Chem. Phys. 8
(2), 431-443.

Hendriks, D.M.D., van Huissteden, J., Dolman, A.J., 2010. Multi-technique assess-
ment of spatial and temporal variability of methane fluxes in a peat meadow.
Agric. Forest Meteorol. 150, 757—774.

Herbst, M., Friborg, T., Ringgaard, R., Soegaard, H., 2011. Interpreting the variation in
atmospheric methane fluxes observed above a restored wetland. Agric. Forest
Meteorol. 151, 841—-853.

Houghton, J.T., Jenkins, G.J., Ephraums, ].J. (Eds.), 2001. Climate Change. The IPCC
Scientific Assessment. Cambridge University Press, Cambridge, UK.

Ibrom, A., Dellwik, E., Flyvbjerg, H., Jensen, N.O., Pilegaard, K., 2007a. Strong low-
pass filtering effects on water vapor flux measurements with closed-path
eddy correlation systems. Agric. Forest Meteorol. 147, 140—156.

Ibrom, A., Dellwik, E., Larse, S.E., Pilegaard, K., 2007b. On the use of the Webb—
Pearman—Leuning theory for closed-path eddy correlation measurements.
Tellus 59B, 937—946.

IPCC (Intergovernmental Panel on Climate Change), 2007. IPCC Fourth Assessment
Report, Climate Change 2007. Cambridge University Press, Cambridge, p. 996.


http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref1
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref2
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref2
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref2
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref2
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref3
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref3
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref3
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref3
http://dx.doi.org/10.1029/2002GL016848
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref5
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref5
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref5
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref5
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref6
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref6
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref6
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref6
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref7
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref7
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref7
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref7
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref7
http://dx.doi.org/10.1029/2003GL017797
http://dx.doi.org/10.1029/2003GL017797
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref9
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref9
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref9
http://dx.doi.org/10.1029/2003GB002069
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref11
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref11
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref11
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref11
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref12
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref12
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref12
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref12
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref13
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref13
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref13
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref13
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref13
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref14
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref14
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref14
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref14
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref15
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref15
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref15
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref15
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref16
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref16
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref17
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref17
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref17
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref17
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref18
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref18
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref18
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref18
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref18
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref19
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref19

L. Sun et al. / Atmospheric Environment 81 (2013) 356—363 363

Jackowicz-Korczynski, M., Christensen, T.R., Bickstrand, K., Crill, P, Friborg, T.,
Mastepanov, M., Strom, L., 2010. Annual cycle of methane emission from a
subarctic peatland. J. Geophys. Res. 115, G02009. http://dx.doi.org/10.1029/
2008JG000913.

Joabsson, A., Christensen, T.R., Wallén, B., 1999. Vascular plant controls on
methane emissions from northern peatforming wetland. Trends Ecol. Evol. 14
(10), 385—388.

Kettunen, A., Kaitala, V., Lehtinen, A., Lohila, A., Alm, ]., Silvola, J., Martikainen, PJ.,
1999. Methane production and oxidation potentials in relation to water table
fluctuations in two boreal mires. Soil Biol. Biochem. 31, 1741—-1749.

Kim, J., Verma, S.B., Billesbach, D.P., 1998. Seasonal variation in methane emission
from a temperate Phragmites-dominated marsh: effect of growth stage and
plant-mediated transport. Glob. Chang. Biol. 5, 433—440.

Kutzbach, L., Wagner, D., Pfeiffer, E.-M., 2004. Effect of microrelief and vegetation on
methane emission from wet polygonal tundra, Lena Delta, Northern Siberia.
Biogeochemistry 69, 341—362.

Lai, D.Y.F,, 2009. Methane dynamics in northern peatlands: a review. Pedosphere 19
(4), 409—421.

Long, K.D., Flanagan, L.B., Cai, T., 2010. Diurnal and seasonal variation in methane
emissions in a northern Canadian peatland measured by eddy covariance. Glob.
Chang. Biol. 16, 2420—2435.

Mauder, M., Foken, T., 2004. Documentation and Instruction Manual of the Eddy
Covariance Software Package TK2. In: Work Report, vol. 26. University of
Bayreuth, Dept. of Micrometeorology. ISSN 1614—8916.

Miao, Y.Q., Song, C.C., Wang, X.W.,, Sun, X.X., Meng, H.H., Sun, L., 2012. Greenhouse
gas emissions from different wetlands during the snow-covered season in
Northeast China. Atmos. Environ. 62, 328—335.

Morrissey, L.A., Zobel, D.B., Livingston, G.P., 1993. Significance of stomatal con-
trol on methane release from Carex-dominated wetlands. Chemosphere 26,
339—-355.

Parmentier, FJ.W., van Huissteden, ]., van der Molen, M.K., Schaepman-Strub, G.,
Karsanaev, S.A., Maximove, T.C., Dolman, AJ., 2011. Spatial and temporal dy-
namics in eddy covariance observations of methane fluxes at a tundra site in
northeastern Siberia. J. Geophys. Res. 116, G03016. http://dx.doi.org/10.1029/
2010JG001637.

Petrescu, A.MR, van Huissteden, J., Jackowicz-Korczynski, M., Yurova, A,
Christensen, T.R,, Crill, P.M., Bickstrand, K., Maximove, T.C., 2008. Modelling CH4
emissions from arctic wetlands: effects of hydrological parameterization. Bio-
geosciences 5, 111—-121.

Rinne, J., Riutta, T., Pihlatie, M., Aurela, M., Haapanala, S., Tuovinen, ].-P,, Tuittila, E.-
S., Vesala, T, 2007. Annual cycle of methane emission from a boreal fen
measured by the eddy covariance technique. Tellus 59B, 449—457.

Riutta, T., Laine, J., Aurela, M., Rinne, J., Vesala, T, Laurila, T., Haapanala, S.,
Pihlatie, M., Tuittila, E.-S., 2007. Spatial variation in plant community functions
regulates carbon gas dynamics in boreal fen ecosystem. Tellus 59B, 838—852.

Roulet, N.T., Lafleur, P.M., Richard, PJ.H., Moore, TR, Humphreys, E.R., Bubier, J.,
2007. Contemporary carbon balance and late Holocene carbon accumulation in
a northern peatland. Glob. Chang. Biol. 13, 397—411.

Sachs, T., Wille, C, Boike, ], Kutzbach, L., 2008. Environmental controls on
ecosystem-scale CH4 emission from polygonal tundra in the Lena River Delta,
Siberia. J. Geophys. Res. 113, GO0A03. http://dx.doi.org/10.1029/2007JG000505.

Schimel, ].P,, 1995. Plant transport and methane production as controls on methane
flux from arctic wet meadow tundra. Biogeochemistry 28, 183—200.

Schlesinger, W.H., 1997. Biogeochemistry: an Analysis of Global Change. Academic
Press, San Diego, CA.

Schrier-Uijl, A.P, Kroon, PS. Hensen, A., Leffelaar, P.A., Berendse, F,
Veenendaal, E.M., 2010. Comparison of chamber and eddy covariance-based
CO; and CH4 emission estimates in a heterogeneous grass ecosystem on peat.
Agric. Forest Meteorol. 150, 825—831.

Song, C.C,, Sun, L., Huang, Y., Wang, Y.S., Wan, Z.M., 2011. Carbon exchange in a
freshwater marsh in the Sanjiang Plain, Northeastern China. Agric. Forest
Meteorol. 151, 1131-1138.

Song, C.C., Xu, X.F, Tian, H.Q., Wang, Y.Q., 2009. Ecosystem—atmosphere exchange
of CH4 and N0 and ecosystem respiration in wetlands in the Sanjiang Plain,
Northeastern China. Glob. Chang. Biol. 15, 692—705.

Suyker, A.E., Verma, S.B., Clement, R/]., Billesbach, D.P., 1996. Methane flux in a
boreal fen: season-long measurement by eddy correlation. J. Geophys. Res. 101
(D22), 28,637—28,647.

Thomas, K.L., Benstead, J., Davies, K.L., Lloyd, D., 1996. Role of wetland plants in the
diurnal control of CH4 and CO, fluxes in peat. Soil Biol. Biochem. 28 (1), 17—23.

Tokida, T., Miyazaki, T, Mizoguchi, M., Nagata, O., Takakai, F, Kagemoto, A.
Hatano, R., 2007. Falling atmospheric pressure as a trigger for methane ebul-
lition from peatland. Glob. Biogeochem. Cycles 21, GB2003. http://dx.doi.org/
10.1029/2006GB002790.

Treat, C., Bubier, ], Varner, R, Crill, P., 2007. Timescale dependence of environmental
and plant-mediated controls on CHy flux in a temperate fen. ]. Geophys. Res.
112, G01014. http://dx.doi.org/10.1029/2006JG000210.

Updegraff, K., Bridgham, S.D., Pastor, ]., Weishampel, P., Harth, C., 2001. Response of
CO, and CH4 emissions from peatlands to warming and water table manipu-
lation. Ecol. Appl. 11 (2), 311-326.

Van der Nat, FJW.A., Middelbrug, ]J., Van Meteren, D., Wielemakers, A., 1998. Diel
methane emission patterns from Scirpus lacustris and Phragmites australis.
Biogeochemistry 41, 1-22.

Verma, S.B., Ullman, E.G., Billesbach, D., Clement, R]., Kim, J., Verry, E.S., 1992. Eddy-
correlation measurements of methane flux in a northern peatland ecosystem.
Bound. Layer Meteorol. 58 (3), 289—304.

Whiting, G.J., Chanton, J.P., 2001. Greenhouse carbon balance of wetlands: methane
emission versus carbon sequestration. Tellus 53B, 521—-528.

Worthy, D.E]., Levin, ].I, Hopper, E, Ernst, M.K,, Trivett, N.B.A., 2000. Evidence for a
link between climate and northern wetland methane emissions. J. Geophys.
Res. 105, 4031—4038.

Zhao, K.Y., 1999. Chinese Mires. Science Press, Beijing, China.

Zhuang, Q.L., Melillo, J.M., Sarofim, M.C,, Kicklighter, D.W., McGuire, A.D., Felzer, B.S.,
Sokolov, A.P,, Prinn, R.G., Steudler, P.A., Hu, S.M., 2006. CO, and CH4 exchanges
between land ecosystems and the atmosphere in northern high latitudes over
the 21st century. Geophys. Res. Lett. 33, 1-5.


http://dx.doi.org/10.1029/2008JG000913
http://dx.doi.org/10.1029/2008JG000913
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref21
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref21
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref21
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref21
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref22
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref22
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref22
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref22
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref23
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref23
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref23
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref23
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref24
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref24
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref24
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref24
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref25
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref25
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref25
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref26
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref26
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref26
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref26
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref27
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref27
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref27
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref27
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref28
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref28
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref28
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref28
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref29
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref29
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref29
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref29
http://dx.doi.org/10.1029/2010JG001637
http://dx.doi.org/10.1029/2010JG001637
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref31
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref32
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref32
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref32
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref32
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref33
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref33
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref33
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref33
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref34
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref34
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref34
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref34
http://dx.doi.org/10.1029/2007JG000505
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref36
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref36
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref36
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref37
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref37
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref38
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref39
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref39
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref39
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref39
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref40
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref41
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref41
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref41
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref41
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref42
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref42
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref42
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref42
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref42
http://dx.doi.org/10.1029/2006GB002790
http://dx.doi.org/10.1029/2006GB002790
http://dx.doi.org/10.1029/2006JG000210
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref45
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref46
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref46
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref46
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref46
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref47
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref47
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref47
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref47
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref48
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref48
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref48
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref49
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref49
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref49
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref49
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref50
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51
http://refhub.elsevier.com/S1352-2310(13)00721-8/sref51

	Temporal and spatial variability of methane emissions in a northern temperate marsh
	1 Introduction
	2 Material and methods
	2.1 Site description
	2.2 Eddy covariance measurements
	2.3 Chamber measurements
	2.4 Auxiliary measurements

	3 Results
	3.1 Environmental conditions
	3.2 Diurnal variation of CH4 emission
	3.3 Seasonal variation of CH4 emission
	3.4 Spatial variation of CH4 emission
	3.5 Comparison of EC measurement and chamber-based model

	4 Discussion
	4.1 Diurnal and seasonal variability of CH4 emission
	4.2 Spatial variability of CH4 emission
	4.3 Comparison of EC and regression model

	5 Conclusions
	Acknowledgments
	References


