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Abstract Net ecosystem carbon dioxide (FCO2) and methane (FCH4) exchanges were measured by using the
eddy covariance method to quantify the atmospheric carbon budget at a Typha- and Nymphaea-dominated
freshwater marsh (March 2011 to March 2013) and a soybean cropland (May 2011 to May 2012) in northwestern
Ohio, USA. Two year average annual FCH4 (49.7 g C-CH4 m

�2 yr�1) from themarsh was high and compatible with
its net annual CO2 uptake (FCO2: �21.0 g C-CO2 m

�2 yr�1). In contrast, FCH4 was small (2.3 g C-CH4 m
�2 yr�1)

and accounted for a minor portion of the atmospheric carbon budget (FCO2: �151.8 g C-CO2 m
�2 yr�1) at the

cropland. At the seasonal scale, soil temperature associated with methane (CH4) production provided the
dominant regulator of FCH4 at the marsh (R2 =0.86). At the diurnal scale, plant-modulated gas flow was the
major pathway for CH4 outgassing in the growing season at the marsh. Diffusion and ebullition became
themajor pathways in the nongrowing season and were regulated by friction velocity. Our findings highlight the
importance of freshwater marshes for their efficiency in turning over and releasing newly fixed carbon as CH4.
Despite marshes accounting for only ~4% of area in the agriculture-dominated landscape, their high FCH4
should be carefully addressed in the regional carbon budget.

1. Introduction

Wetlands, the largest natural sources of methane (CH4), were shown to have profound effects in driving the
atmospheric CH4 concentration in recent decades [Bridgham et al., 2006]. It has been documented that
climatic variations have resulted in large interannual variations of CH4 emissions from wetlands since the
1980s [Bousquet et al., 2006; Bridgham et al., 2012]. Considering both the direct and indirect contributions of
CH4 to radiative forcing, the warming effect of releasing 1 g CH4 into the atmosphere is 25 times that of
releasing an equivalent mass of carbon dioxide (CO2) on a 100 year time horizon [Forster et al., 2007]. The
interplay of the net ecosystem CO2 (FCO2) and CH4 (FCH4) exchanges in terms of the wetland greenhouse
gas budget and global warming effects is still under debate [e.g., Hendriks et al., 2007; Mitsch and Gosselink,
2007; Mitsch et al., 2012; Song et al., 2009]. While inundation of wetlands reduces the aerobic decomposition
(i.e., CO2 production) and enhances the sediment deposition rate, such inundation also enhances the
anaerobic decomposition and thus CH4 generation [Mitsch and Gosselink, 2007]. Recent studies suggest that
greenhouse effects, mitigated by the uptake of CO2 by wetland vegetation, could be partly or entirely offset
by CH4 emission [e.g., Frolking et al., 2006; Hendriks et al., 2007; Olson et al., 2013; Song et al., 2009]. Frolking
et al. [2006] documented that the net warming effects of CH4 may persist for hundreds to thousands of years
before being compensated by the CO2 uptake of wetlands. Hence, a better comprehension of the wetland
greenhouse gas budget and its regulation is urgently needed in order to better understand the resilience
of wetland ecosystems and formulate adaptive management plans under global climate change.

Recent advances in theory and instrumentation have facilitated the extensive application of tower-based
eddy covariance measurements [Baldocchi et al., 2001; Dabberdt et al., 1993]. These advances benefit the
spatially integrative measurement of ecosystem-scale mass and energy fluxes [Baldocchi et al., 1988], greatly
enhancing our understanding of the biogeochemical processes driving these fluxes [e.g., Jung et al., 2010; Tan
et al., 2012; Yi et al., 2010]. The quasi-continuous measurement of these fluxes and ancillary physical variables
(e.g., incident radiation, temperature) also allows researchers to examine these fluxes and construct suitable
models from a half-hourly to a decadal scale [e.g., Richardson et al., 2007; Teklemariam et al., 2010; Wu et al.,
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2012]. In addition, progress in integrating the eddy covariance measurements with satellite-based vegetation
indices (e.g., normalized difference vegetation index, NDVI) provides researchers with a more comprehensive
approach for examining the interaction between mass/energy fluxes and vegetation characteristics [Lieth,
1974; Xiao et al., 2009].

Whilemany sizeable efforts have been devoted to FCO2 research, less research has attempted to quantify FCH4
using the eddy covariance method (see earlier works in Edwards et al. [1994], Hargreaves and Fowler [1998],
and Verma et al. [1992]). Only recently have a few papers examined the annual and interannual variability
of FCH4 in addition to FCO2 [Hatala et al., 2012; Herbst et al., 2011a; Kroon et al., 2010; Olson et al., 2013].
These pioneer studies suggested that CH4 contributes a significant portion to the wetland greenhouse gas
budget. In addition, the wetland FCH4 is sensitive to the interannual variations of hydrometeorological
conditions [Olson et al., 2013; Tagesson et al., 2012] and land management [Hatala et al., 2012; Herbst et al.,
2013]. Hence, a wide range of FCH4 (10

�1–102 g C-CH4 m
�2 yr�1) has been reported among sites and years.

In this study, we targeted a temperate freshwater marsh and a conventional cropland in northwestern Ohio,
USA, in an area that was once occupied by the Great Black Swamp (~4000 km2) [Mitsch and Gosselink, 2007].
The Great Black Swamp was extensively drained starting in the 1850s and was largely converted into
cropland during 1850–1890. Currently, croplands and forests account for ~70% and ~7% of the land cover in
the region, respectively. Only ~4% of wetlands (~150 km2, mostly marshes) remain in the region and most of
them are managed for waterfowl conservation [Mitsch and Gosselink, 2007]. For this purpose of waterfowl
conservation, water levels in these wetlands are often managed, including inputs from nearby agricultural
drainages. Gottgens and Liptak [1998] highlighted that these wetlands receive a considerable amount of
nutrients and organic carbon from the nearby croplands through agricultural runoff. It is not clear how the
current management may influence the dynamics of FCH4 and FCO2 in these wetlands and to what extent
these wetlands may contribute to the regional carbon budget. As these wetlands are located within an
agriculture-dominated landscape and connected hydrologically with nearby croplands, we argued that their
importance needs to be examined in the context of this landscape. In this study, we aimed to address the
following questions: (1) What are the contributions of FCH4 and FCO2 to the atmospheric carbon budget at
the freshwater marsh in comparison with the nearby cropland? (2) At the ecosystem and regional scales, will
the carbon released via FCH4 be compensated by the carbon uptake via FCO2? (3) What are the physical
and biological regulators of FCH4 at the marsh and the cropland sites and how do these controls vary from
half-hourly to yearly scales?

2. Materials and Methods
2.1. Study Sites

The targeted freshwater marsh is located in the Winous Point Marsh Conservancy along the shore of Lake Erie
(N41°27′51.28″, W82°59′45.02″; Figure 1). A conventional cropland located in Curtice, Ohio (N41°37′42.31″,
W83°20′43.18″) is included in order to provide a background FCH4 and FCO2 from the agriculture-dominated
(~70%) region, where soybean (Glycine max) and corn (Zea mays) are the major crops. The two sites are
~30 km apart and have similar climate conditions with a regional mean temperature of ~9.2°C and annual
precipitation of ~840mm in the last 30 years [Noormets et al., 2008].

The marsh site has been owned by the Winous Point Shooting Club since 1856 and has been managed by
wildlife biologists since 1946 [Gottgens et al., 1998]. The hydrology of the marsh is relatively isolated by
the surrounding dikes and drainages and only receives drainage from nearby croplands through three
connecting ditches [Gottgens and Liptak, 1998]. Since 2001, the marsh has been managed to maintain year-
round inundation with the lowest water levels in September. A 3m triangular tower was built at the center of
the 129 ha North Marsh in July 2010 (Figure 1). Within the 0–250m fetch of the tower, the marsh comprises
42.9% of floating-leaved vegetation, 52.7% of emergent vegetation, and 4.4% of dike and upland during
the growing season. Floating-leaved vegetation covers the majority of area near the tower and extends
about 60–150m from the tower (Figure 1). Dominant emergent plants include narrow-leaved cattail (Typha
angustifolia), rose mallow (Hibiscus moscheutos), and bur reed (Sparganium americanum). Common floating-
leaved species are water lily (Nymphaea odorata) and American lotus (Nelumbo lutea) with foliage usually
covering the water surface from late May to early October. Nymphaea and Nelumbo start to shed leaves after
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early October and the floating-leaved vegetation area turns to open water through the winter and
early spring. The aboveground biomass (±SD) is 0.22 ± 0.03 and 1.52 ± 0.27 kg C m�2 in the floating-leaved
and emergent vegetation areas, respectively, while the belowground biomass is 0.21 ± 0.10 and
12.55 ± 3.87 kg C m�2, respectively. The vegetation biomass was harvested at 14 randomly selected
0.5 × 0.5m2 plots, of which six and eight plots were dominated with floating-leaved and emergent
vegetation, respectively. The soil is classified as hydric and the organic layer extends to a depth of
15–30 cm. The soil is clay-rich mineral beneath the organic layer.

A 3m triangular tower was installed at the center of a 50 ha soybean cropland in July 2010 and had at least
300m of homogeneous fetch in all directions. The cropland site is rain fed and no irrigation is applied. As it is
located in a part of the historic Great Black Swamp, drainage tiles are deployed around 0.5–1.0m beneath
the ground surface in order to draw down the water level. The soil is classified as silty clay and silty clay
loam. The cultivation practices include minimum tillage and both insect and weed control. Soybeans were
planted and harvested on 10 June and 23 October in 2011, respectively. The aboveground and belowground
soybean biomass (±SD) were 0.42 ± 0.01 and 0.05 ± 0.01 kg C m�2 at the peak growing season in 2011, with a
leaf area index of 3.6 ± 0.4.

2.2. Flux Measurements and Calculations

The eddy covariance method was applied to quantify FCO2 and FCH4 at both sites. The system, including a
sonic anemometer (CSAT3, Campbell Sci., Inc., Logan, UT, USA (CSI)), an open path CO2/H2O infrared gas
analyzer (LI7500, LI-COR, Cor., Lincoln, NE, USA (LI-COR)), and an open path CH4 gas analyzer (LI7700, LI-COR),
was mounted 2m above the water (marsh)/soil (cropland) surface. The height was determined to ensure
that the eddy covariance system is mounted at least twice the height of the nearby canopy (0.4–0.6m and
0.8–1.0m at the marsh and cropland, respectively) in the peak growing season. The measurement periods
were 12 March 2011 to 27 March 2013 (2 years), and 10 May 2011 to 10 May 2012 (1 year) at the marsh
and cropland sites, respectively. The raw data were sampled with a 10Hz frequency and recorded by the
CR5000 data logger. Both LI7500 and LI7700 were calibrated routinely in the laboratory (see Table S1 for
calibration standards in the supporting information).

Figure 1. Map of the study marsh (open circle) and cropland (open triangle) in northwestern Ohio, USA. The background
aerial photo was obtained through the Ohio Geographically Referenced Information Program in the State of Ohio Office of
Information Technology. The target marsh (Winous Point North Marsh) is highlighted by the dash-dotted polygon. The
aerial photo was taken on 13 April in 2011 before the floating-leaved plants emerged and covered the open water area
(dark grey area). The light grey area in themarsh indicates the emergent vegetation area. The star and dotted circle indicate
the tower location and the 250m fetch. The black square represents the geolocation of the four 250 × 250m2pixels of the
normalized difference vegetation index (NDVI, MOD13Q1) obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument.
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FCO2 and FCH4 were calculated following the FLUXNET methodology [Aubinet et al., 2000]. All calculations
were performed with EdiRe (University of Edinburgh, v1.5.0.29, 2011) following the workflow described in
Chu et al. [2013, 2014]. The details of the general flux calculation and uncertainty estimation were
discussed in the supporting information (Text S1). In addition, the relative signal strength indicator
(RSSI) was adopted to screen out the periods when the mirror of LI7700 was contaminated by rainfall or
dust (RSSI< 10%) [McDermitt et al., 2011]. We set the LI7700 to check the signal strength at 0800 h
everyday. A cleaning solution (alcohol/water mixture) was applied to clean the mirror every 10min
between 0800 h and 0900 h until the signal strength recovered. The cleaning protocol was determined to
ensure that the LI7700 resumes quality CH4 measurements no later than 1 day after the intense rainfalls.
The LI7700-specific correction was also applied to correct the spectroscopic effects [LI-COR, 2010]. The
footprint contribution for each half-hourly flux was examined by using the model developed by Kormann
and Meixner [2001]. The majority of footprint (> 80%) was located within the 0–250m fetch at both
sites (details in Text S1 and Table S2). At the marsh site, floating-leaved vegetation covered the majority
of the area near the tower and extended 80–150m from the tower in the prevailing wind direction
(225°–315°). Thus, floating-leaved vegetation area contributed to ~74% of the measured flux at the marsh.
In this study, positive FCO2 and FCH4 indicate a net flux from the ecosystem to the atmosphere. A near-
neutral atmospheric carbon budget was defined when the reported FCO2 and FCH4 were not significantly
different from zero based on the 95% uncertainty intervals.

2.3. Gap Filling and Partitioning of FCO2

Overall, 63% and 54% of FCO2 passed the quality control checks at the marsh and cropland sites, respectively.
Data gaps of FCO2 were filled using the marginal distribution sampling method [Reichstein et al., 2005].
FCO2 was further decomposed into gross ecosystem production (GEP) and ecosystem respiration (ER)
following Reichstein et al. [2005]. Both GEP and ER were presented with positive signs (FCO2 = ER�GEP).
The uncertainties of flux partitioning were obtained through uncertainty propagation via the Monte Carlo
simulations (N= 1000) technique of Richardson and Hollinger [2005]. More details on the modeling
and partitioning processes are discussed in the supporting information (Text S1). The start and end of
the growing season were identified as the first and last consecutive 3 days with detectable daily GEPs
(>1 g C-CO2 m

�2 d�1) [Barr et al., 2009].

2.4. Modeling and Gap Filling of FCH4

Overall, 40% and 42% of FCH4 passed the quality control checks at the marsh and cropland sites, respectively.
Our data coverage was compatible with reports from the few available short-term studies (< 1 year) that also
used LI7700 to measure FCH4 (45–46%) [Dengel et al., 2011; Yu et al., 2013]. We adopted the marginal
distribution sampling method in FCH4 gap filling and modified the method slightly by including friction
velocity (u*) in selecting the similar micrometeorological conditions. The marginal distribution sampling
method takes advantage of the autocorrelation and short-term dependency of the flux data. Hence, the
marginal distribution sampling method is capable of incorporating the unmeasured factors (e.g., phenology,
substrate quality) and filling the flux gaps when a robust regression model is not available (e.g., FCH4 at the
cropland in the study).

In addition, the linear regression model was adopted in order to explore the regulation of FCH4 at different
temporal scales. First, we examined the daily-to-yearly regulation by exploring the relationship between the
daily FCH4 and biophysical factors. We selected soil temperature, u*, and groundwater level as the targeted
physical factors. The biological regulation was examined via exploring the relationship between the daily
FCH4 and GEP. The significance test and stepwise model simplification were performed following the method
described in Chu et al. [2014]. More details on the modeling processes are discussed in the supporting
information (Text S1).

Second, we adopted a moving window multiple linear regression in examining the regulation of FCH4
from a half-hourly to weekly scale. We applied a nonoverlapping moving window with a fixed width of
8 days to the entire time series. A separate regression was fitted for each 8 day period. The window size
was determined to include a sufficient number of data (N> 48) while not to introduce the seasonality of
FCH4. Soil temperature, u*, and groundwater level were chosen as the predictor variables. After
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preliminary data exploration, we log transformed FCH4 and fit it with a multiple linear regression
model [Wille et al., 2008]:

ln FCH4ð Þ ¼ ln RFCH4:1ð Þ þ STg
Tg � Tg

10

� �
þ Su*

u� � u�
0:1

� �
þ SWT

WT �WT
0:1

� �
(1)

where the overbar indicates the mean value in each period, RFCH4.1 (nmolm�2 s�1) is the base FCH4 at the
period-averaged soil temperature (Tg (°C)), u* (m s�1), and groundwater level (WT (m)), and STg, Su*, and SWT

represent the sensitivities of FCH4 to every 10°C change in soil temperature, every 0.1m s�1 change in u*, and
every 0.1m change in groundwater level, respectively. For the marsh site, we further examined the plant
modulation via the relationship of FCH4 against air temperature and vapor pressure deficit (VPD) in the
growing season. Air temperature and VPD were used here because they were documented as the main
drivers of plant-modulated gas flow [Brix et al., 1992; Dacey, 1981; Grosse, 1996; Tornberg et al., 1994]:

ln FCH4ð Þ ¼ ln RFCH4:2ð Þ þ STa
Ta � Ta

10

� �
þ SVPD

VPD� VPD
0:1

� �
(2)

where RFCH4.2 (nmolm�2 s�1) is the base FCH4 at the period-averaged air temperature (Ta (°C)) and VPD (kPa),
and STa and SVPD represent the sensitivities of FCH4 to every 10°C change in air temperature and every 0.1 kPa
change in VPD, respectively. More details of the modeling processes are discussed in the supporting
information (Text S1).

2.5. Micrometeorology Measurements

Micrometeorological variables were measured at both tower sites (details of the sensor types and
mounting locations are listed in Table S1), including long-/short-wave radiation, albedo, photosynthetically
active radiation (PAR), air temperature, relative humidity, VPD, precipitation, soil temperature (at 0.1
and 0.3m depth), groundwater level, volumetric soil water content (only at the cropland), and surface
water temperature (only at the marsh). Because surface water temperature was measured at fixed
locations (0.1 and 0.3m) above the sediment, recorded surface water temperature may not have reached
0°C when only the uppermost layer of surface water was frozen in the winter. We adopted albedo as an
indicator in distinguishing the periods with frozen ice/snow cover (albedo> 0.2) from those with open
water (albedo< 0.2) [Bonan, 2002]. All of the variables were sampled every second and recorded every 30 min
by the data logger (CR5000, CSI).

Regional long-term meteorological data (i.e., air temperature and precipitation) were obtained through
the National Climatic Data Center of the National Oceanic and Atmospheric Administration, USA. Three
weather stations, Bowling Green (N41°22′59″, W83°36′39″, 1893–2013), Fremont (N41°19′59″, W83°07′08″,
1901–2013), and Toledo Express Airport (N41°35′18″, W83°48′05″, 1955–2013), were selected because they
all had more than 50 years of records and are located less than 30 km from our sites.

2.6. Satellite-Based Vegetation Index

We adopted NDVI as the land surface vegetation index in order to provide seasonal vegetation dynamics
[Morisette et al., 2008; Zhang et al., 2003]. NDVI has been documented to adequately quantify the ecosystem-
level vegetation dynamics (e.g., canopy coverage, greenness, and biomass) in wetlands and croplands
[Jialin, 2011; Lunetta et al., 2010]. The 16 day NDVI data (MOD13Q1) of the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument were obtained from the Land Process Distributed Active Archive
Center, US Geological Survey, USA. The target spatial coverage was the nearest four 250 × 250m2 MODIS
pixels around the marsh and cropland flux towers (Figure 1). The spatial extent was determined in
correspondence with the major footprint of the flux measurement. The long-term NDVI trend was calculated
from 2000 to 2012. Additionally, we conducted a series of in situ surface reflectance measurements in order
to examine the suitability of MODIS NDVI in such a confined spatial extent (500× 500m2). In general, our
upscale 500 × 500m2 NDVI from the ground spectrometer measurements showed agreements with the
MODIS NDVI, suggesting that the MODIS NDVI adequately monitored the ecosystem-scale vegetation
dynamics at both sites. The details of the in situ surface reflectance measurements and the validation
processes are discussed in the supporting information (Text S1).
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2.7. Statistical Analysis

All of the statistical tests and model fittings were conducted with the R language (R Development Core Team,
2013, version 3.0.0). The parameter estimation in the FCO2 partitioning was conducted using the “nlreg”
package [Bellio and Brazzale, 2003]. The univariate and multiple linear regressions were conducted using the
“lm” function. The correlations among variables were examined using the “cor” function. Unless specified, the
significance level was set to 0.05 and the uncertainty (±) always referred to 95% confidence intervals in
the following sections.

3. Results
3.1. Micrometeorology and Hydrology

The years 2012 and 2011 were recorded as the second and third warmest (2.1°C and 1.9°C higher than the
long-term average of 10.0°C) over the last 118 years in the region (Figures 2a and 2b and Table S3). The 2011
winter (December 2011 to February 2012) was exceptionally warm (Figure 2a). In total, there were only
29 days that had daily air temperature below 0°C, much fewer than 59 days in the 2012 winter. The warm
2011 winter was followed by warmer spring temperature on 11–25 March 2012. Air temperature increased
drastically to ~20°C during this early spring period and was much higher than the long-term average of ~4°C.

Figure 2. Time series of the daily micrometeorological variables at the marsh and cropland sites, including (a, b) air tem-
perature (Ta, grey circles), (c, d) soil temperature (Tg, black lines) and surface water temperature (Tw, grey lines), (e, f )
photosynthetically active radiation (PAR, black lines), (g, h) precipitation (PP, grey bars), and (i) groundwater level (WT, black
lines) and (j) volumetric soil water content (VWC, grey lines). Seven day moving average and long-term (1893–2013)
average Ta are shown as black and grey solid lines in Figures 2a and 2b. Annual cumulative PP and long-term (1893–2013)
average cumulative PP are shown as solid and thick lines in Figures 2g and 2h. Dates with the outflow gate open at the
marsh are marked as closed squares in Figure 2i. The average sediment (soil) surface near the tower was taken as the
reference level (0) of the WT measurement and positive WT indicated the water level above the ground. The water level
sensor was removed from the marsh site during ice-covered winter; hence, no continuous data were available in those
periods. Manual WT measurements in the winter are marked as open circles in Figure 2i.
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Despite the similarity in atmospheric climate conditions (e.g., air temperature, PAR), soil temperature
showed slightly different patterns between the two sites. In general, the marsh site had higher winter soil
temperature and lower summer soil temperature than the cropland site (Figures 2c and 2d).

In addition, 2011 had an extremely high amount of annual precipitation (~372mm higher than the long-term
average of 897mm) (Figures 2g and 2 h and Table S3). The marsh manager opened the water outflow gate
several times throughout the summer and fall in 2011 in order to maintain the water level at 0.2–0.6m above
the ground surface (Figure 2i). The warm winter in 2011 had the majority of precipitation as rainfall instead of
snowfall. Groundwater was continuously recharged at the cropland site. Hence, groundwater level was
high around 0.2–0.8m beneath the ground surface (Figure 2j). The 2012 summer was dry compared to 2011
and the long-term average. Groundwater level was continuously drawn down from late May to late July and
from early August to October at the marsh and the outflow gate was kept closed throughout most of the late
summer and fall (Figure 2i).

3.2. Satellite-Based Vegetation Characteristics

The NDVI showed spring green-up roughly 16 days later and 4 days earlier than the multiyear average
(2000–2012) in 2011 and 2012 at the marsh (Figure 3a), respectively. Additionally, NDVI declined around
16 days earlier in the fall of 2012 at the marsh. The multiyear average showed that NDVI increased quickly
after May at the marsh, peaked between mid-July and mid-August, and declined quickly after September. In
2012, green-up occurred earlier with peak NDVI on 11 July. In contrast, the delayed green-up in 2011 led to a
late peak NDVI on 29 August. The multiyear average showed that NDVI increased after June and peaked in
August at the cropland (Figure 3b). NDVI declined quickly after crop harvesting in late September. In 2011,
NDVI showed an 8 day delay in the spring green-up and the fall decline in comparison with the multiyear
average at the cropland. The delay was attributed to the postponed crop planting and harvest caused by the
extremely high precipitation and near-saturated soil water content in May (Figures 2h and 2j).

3.3. Seasonal Variability in FCO2

While the marsh had 155 and 162 days of growing seasons in 2011 (12 May to 12 October) and 2012 (30 April
to 7 October) (Figure 4c), respectively, the cropland had 94 days in 2011 (23 June to 23 September). The
temporal shift of growing season between years corresponded to the interannual differences in the NDVI
dynamics (Figure 3a). Overall, the start and end of the growing season occurred in correspondence with NDVI

Figure 3. Sixteen day normalized difference vegetation index (NDVI, MOD13Q1, closed circles and black lines) obtained
from the Moderate Resolution Imaging Spectroradiometer with a 500× 500m2 spatial extent at the (a) marsh and (b)
cropland sites. Multiyear averages from 2000 to 2012 are shown as grey lines. Upscale 500× 500m2 NDVI (open squares)
from in situ point-sampled reflectance measurements (ASD multispectrometer) are marked with 95% confidence intervals
(vertical black segments) (see Text S1 for details). Upscale NDVI for the emergent vegetation (open triangles) and floating-
leaved vegetation (reversed open triangles) areas at the marsh site are also presented. Dotted lines and dash lines indicate
the start and end of the growing season as determined by the first and last three consecutive days with daily gross
ecosystem production larger than 1 g C-CO2 m

�2 d�1.
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around 0.36–0.40 at the marsh. The growing season started and ended while NDVI was ~0.36 and ~0.69 at
the cropland site (Figures 3b and 4d).

Both the marsh and cropland sites showed strong seasonality in FCO2, GEP, and ER (Figure 4). After the
snowmelt in the spring, the marsh and cropland acted as sources of CO2. From 12 May to the start of growing
season, the cumulative FCO2 was 72.9 ± 11.4 g C-CO2 m

�2 at the cropland site. The cropland turned into a CO2

sink around 3 July, 10 days after the start of growing season, and remained a sink through most of the
growing season (Figure 4b). The cumulative FCO2, GEP, and ER in the growing season were �371.7 ± 35.1,
933.2 ± 30.7, and 561.5 ± 36.2 g C-CO2 m

�2 (Table S4), respectively. Noticeably, there were several intense
rainfall events (>15mm d�1) in the late growing season (Figure 2h). During these rainy periods, GEP was
largely reduced and cropland turned to a CO2 source (Figures 4b and 4d). After mid-September, cropland
acted again as a CO2 source and the daily FCO2 (ER) was 1.9 ± 0.5 g C-CO2 m

�2 d�1 before the harvest on

Figure 4. Time series of half-hourly (grey circles) and daily (solid lines) fluxes at the marsh and cropland sites, including
(a, b) net ecosystem CO2 exchange (FCO2), (c, d) gross ecosystem production (GEP), (e, f ) ecosystem respiration (ER),
and (g, h) and net ecosystem CH4 exchange (FCH4). Half-hourly data were not gap filled and daily data were integrated
from gap-filled half-hourly data by the marginal distribution sampling method. FCH4 was much smaller at the cropland;
hence, the daily and half-hourly FCH4 were presented in a tenfold scale in Figure 4h. Dotted and dashed lines indicate
the start and end of the growing season as determined by the first and last three consecutive days with daily GEPs larger
than 1 g C-CO2 m

�2 d�1.
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23 October (Figures 4b and 4f). The FCO2 (ER) decreased quickly after the harvest and remained around
0.3 ± 0.1 g C-CO2 m

�2 d�1 throughout the winter.

FCO2 and ER at the marsh, in contrast, showed more fluctuations within the seasonal trend than those at the
cropland site (Figures 4a and 4e). From 12 March to the start of growing season, the cumulative FCO2 (ER) was
53.7 ± 6.7 and 54.2 ± 3.8 g C-CO2 m

�2 in 2011 and 2012, respectively. The marsh generally acted as a CO2 sink
after the start of growing season. However, occasional but evident CO2 efflux still occurred through the
growing season (Figure 4a). Those days with positive daily FCO2 occurred mostly 1–3 days after the large
rainfall events (>15mm d�1). For example, there were several intense rainfall events between 18 and 23 July
2011 with a cumulative precipitation of 125mm (Figure 2g). The marsh quickly turned into a net CO2

source and released ~3 g C-CO2 m
�2 to the atmosphere within 6 days (Figure 4a). In the same period, the

cumulative GEP and ER were 40.7 ± 3.6 and 43.7 ± 3.6 g C-CO2 m
�2, respectively. In comparison to the

previous (12–17 July) and the following 6 days (24–29 July), the difference of FCO2 resulted mostly from the
enhanced ER, which was 10.9–18.7 g C-CO2 m

�2 higher in this rainy period. GEP, in contrast, only declined
marginally to 1.0–3.0 g C-CO2 m

�2 due to the reduced incident radiation. As the temperature was lower in
the rainy period, the enhanced ER was most likely caused by the high decomposition after the pulsed
hydrological input of organic matter and nutrients from nearby agricultural ditches. Throughout the growing
seasons, the cumulative FCO2, GEP, and ER were �212.0 ± 47.4, 812.5 ± 30.5, and 600.5 ± 48.4 g C-CO2 m

�2 in
2011 and �116.7 ± 51.3, 787.9 ± 32.8, and 671.2 ± 52.3 g C-CO2 m

�2 in 2012 (Table S4). After the end of
growing season, FCO2 (ER) declined from ~1.1 to ~0.5 g C-CO2 m

�2 d�1 in early December when the surface
water started to freeze at the marsh site (Figures 4a and 4e). Through the winter, FCO2 (ER) was low and
remained around 0.5 ± 0.1 and 0.4 ± 0.1 g C-CO2 m

�2 d�1 in 2011 and 2012, respectively.

3.4. Seasonal Variability in FCH4

FCH4 at the marsh site showed strong seasonality and followed closely the seasonal temperature dynamics
(Figures 2a, 2c, and 4g). Positive FCH4 was observed throughout the majority of the study period at the
marsh site. FCH4 increased quickly following the rising temperature in early March. For example, the early
warm-up during 11–25 March 2012 resulted in the daily FCH4 increasing from 0.02 g C-CH4 m

�2 d�1 on
10 March (air and soil temperature: 2.6°C and 6.3°C) to 0.20 g C-CH4 m

�2 d�1 on 23 March (air and soil
temperature: 15.6°C and 17.6°C) (Figure 4g). From 12 March to the start of growing season, the cumulative
FCH4 was 2.9 ± 0.4 and 4.8 ± 0.6 g C-CH4 m

�2 in 2011 and 2012, respectively. After the start of growing season,
FCH4 increased continuously and peaked around 0.60 g C-CH4 m

�2 d�1 on 25 July in 2011 and on 8 July in
2012. Interestingly, FCH4 showed a quick decline with the decreasing temperature after mid-July in 2012.
While the daily air and soil temperature dropped to the local minimum of 19.8°C and 20.4°C on 11 August,
the daily FCH4 decreased to 0.25 g C-CH4 m

�2 d�1. After that, air and soil temperature increased gradually
back to 25.5°C and 23.5°C on 3 September and the daily FCH4 increased to 0.54 g C-CH4 m

�2 d�1. Throughout
the growing season, the cumulative FCH4 was 37.1 ± 4.1 and 49.2 ± 4.9 g C-CH4 m

�2 in 2011 and 2012,
respectively. The daily FCH4 dropped quickly after the surface water was frozen in early December and kept
low around 0.01 g C-CH4 m

�2 d�1 through most of the winter (Figure 4g).

The FCH4 at the cropland site showed weak seasonality and dependency on the temperature dynamics.
Most notably, FCH4 was much smaller at the cropland site than that at the marsh (Figure 4h, presented in
a tenfold scale). Generally, FCH4 was minor throughout the growing season, with an average daily flux of
0.003 g C-CH4 m

�2 d�1, which was even lower than that in the winter at the marsh. Surprisingly, FCH4
increased slightly after the end of growing season and occasionally rose to 0.02–0.03 g C-CH4 m

�2 d�1 in the
winter. The causes of the enhanced FCH4 in the cold winter were not clear. Most days with rising FCH4 had
higher wind speeds andwere 1–2 days after intense rainfall events and increasing temperatures. For example,
there was 15, 12, and 13mm cumulative precipitation during 14–15, 20–22, and 30–31 December in 2011
(Figure 2h), respectively. These days had a 7–10°C increase in air temperature and a 3–6°C increase in soil
temperature from their precedent days. The daily FCH4 increased to ~0.02, ~0.03, and ~0.04 g C-CH4 m

�2 d�1

during 15–16 December, 21–23 December, and 2–3 January (Figure 4h), respectively, which was 1–2days after
the warm and rainy days. The daily wind speed was generally higher (3.4–7.1, 2.3–4.4, and 4.4–6.0m s�1) on
these FCH4-enhanced days. As the precedent rainfall, rising temperature, and wind speed partially explained
daily FCH4 increase, there were days having similar weather but showing only minor daily FCH4 (e.g., 23–25
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November, 30 November to 2 December). From December 2011 to February 2012, the cumulative FCH4
was 0.8± 0.2 g C-CH4 m

�2.

3.5. Regulation of FCH4

The daily FCH4 may be explained mostly by soil temperature at the marsh (p< 0.001, R2 = 0.86) (Figure 5a
and Table S5). The daily FCH4 increased roughly 20% for every 1°C increase in the daily soil temperature
and the temperature sensitivities were not significantly different between 2011 and 2012 (Table S5).
Both groundwater level and u* explained only minor variations in the daily FCH4 at the marsh
(R2 = 0.04 and 0.02) (Figures 5b and 5c and Table S5). After eliminating the confounding effects of soil
temperature, u* only explained an additional 1% of variation in the daily FCH4 and groundwater level
became insignificant (Table S5). For the cropland site, none of the physical factors (soil temperature, u*,
and groundwater level) explained more than 5% of the variations in the daily FCH4 (Figures 5e–5g
and Table S5).

Interestingly, the daily FCH4 was highly correlated with the daily GEP at the marsh site even after eliminating
the confounding effects of soil temperature (Table S5). Our multiple linear regression analyses showed that
the parameters of soil temperature (0.18, p< 0.001) and GEP (0.85, p< 0.001) were both significant. There
was significant interaction between soil temperature and GEP (�0.03, p< 0.001; Table S5), and thus, the
enhancing effects of soil temperature and GEP partially compensated each other while both soil temperature
and GEP increased. For the cropland site, as FCH4 tended to be higher during the nongrowing season, FCH4
increased slightly as GEP decreased (R2 = 0.14, p< 0.001; Figure 5h and Table S5).

The regulation of soil temperature became less relevant when examining the short-term (half-hourly to
weekly) dynamics of FCH4 at the marsh (Figures 6 and S1). STg, the short-term soil temperature sensitivity, was
found to be significant in only forty-one 8 day periods (53%) and ranged largely from 16 to �20 (Figure 6c).
After discarding the periods with negative STg, there were only 26 periods (34%) that had significantly positive
STg. Unexpected negative and large STg occurred mostly in the hottest periods in the summer and the coldest
periods in the winter. During these periods, the temperatures reached the local maximum (or minimum)
and soil temperature was nearly stable. For example, soil temperature reached the local maximum and
remained around 23–25°C from 25 July to 1 August 2011 (Figure 7b). Surprisingly, FCH4 showed an evident
diurnal pattern fluctuating from 100 to 1200 nmolm�2 s�1 regardless of the stable soil temperature
(Figures 7a and 7b).

Figure 5. Regression models of the daily net ecosystem CH4 exchange (FCH4) against (a, e) soil temperature (Tg), (b, f )
friction velocity (u*), (c, g) groundwater table (WT), and (d, h) and gross ecosystem production (GEP). Marsh data are
grouped into 2011 (black crosses) and 2012 (grey circles) and separate model parameters are fitted for 2011 (solid lines)
and 2012 (dashed lines). Model formula and statistics are provided in the supporting information (Table S5).
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Turbulent mixing was more relevant in regulating the short-term than long-term dynamics of FCH4. The half-
hourly FCH4 at the marsh showed evident dependency on u* in 58% of the 8 day periods (Figures 6e and S1).
On the other hand, there were 30 periods that had insignificant Su*. The bimodal Su* (either positive or zero)
suggested that turbulent mixing was crucial only in periods when FCH4 was dominantly limited by the
transport processes. For example, the frozen ice thawed after several days of rising air temperature from 18 to
20 January 2013 (Figures 8b and 8c). FCH4 increased quickly to ~150 nmolm�2 s�1 while u* reached up to
0.8m s�1 on 20 January. Over the 8 days, half-hourly FCH4 fluctuated greatly from 0 to 150 nmolm�2 s�1

while soil temperature was stable with minor fluctuation (±1°C). The decoupling of soil temperature and FCH4
suggested that FCH4 was primarily regulated by the transport of CH4 in these winter periods. As themarsh site
maintained inundation with slightly fluctuating groundwater level, the groundwater level was found to be
irrelevant in explaining the dynamics of FCH4 in most of the periods (Figures 6g and S1). Overall, there were
only 21 periods with significant short-term groundwater level sensitivity (SWT).

We found that half-hourly FCH4 was coupled with air temperature/VPD in most of the periods in the
growing season (Figures 7 and S2). STa (i.e., the short-term air temperature sensitivity) and SVPD (i.e., the short-
term VPD sensitivity) were found significant (i.e., ≠0) in 17 (59%) and 10 (37%) periods in the growing season

Figure 6. Model parameters of the multiple linear regression against half-hourly net ecosystem CH4 exchange (FCH4) at the
(a, c, e, g) marsh and (b, d, f, h) cropland sites. Each point represents a model parameter estimation obtained from an 8 day
nonoverlapping period. There were 91 and 45 periods for the marsh and cropland sites, respectively, within which 77 and
44 periods had enough data (N> 48) for model estimation. For each period, the model was simplified by eliminating the
insignificant parameters and only the least adequate models are presented here. Model formulas are listed in the main text
(section 2.4 and equation (1)). RFCH4.1 is the base FCH4 (nmolm�2 s�1) at the period-averaged soil temperature (Tg), friction
velocity (u*), and groundwater table (WT). STg, Su*, and SWT represent the sensitivities of FCH4 to every 10°C change in Tg,
every 0.1m s�1 change in u*, and every 0.1m change in WT, respectively. Vertical segments indicate the 95% uncertainty
intervals of the parameter estimation.
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(Figures S2b and S2c). Most of the significant STa and SVPD occurred between mid-June and mid-September,
during which NDVI was high and the vegetation canopy was fully developed (Figure 3a). The average STa
was 0.83 and 0.62 in 2011 and 2012 while the average SVPD was 0.04 and 0.05, respectively.

For the cropland site, there was no apparent seasonality in RFCH4.1 or STg, suggesting that soil temperature
was not the dominant factor in regulating the short-term FCH4 (Figures 6b and 6d). Su* showed a bimodal
pattern (positive or zero) analogous to that at the marsh site (Figures 6e and 6f), which revealed the
importance of turbulent mixing in regulating the CH4 transport in certain periods. On the other hand,
there were 12 periods (27%) that had significant groundwater level sensitivity (SWT; Figure 6h).

3.6. Annual Atmospheric Carbon Budget

FCH4 contributed a significant portion to the annual atmospheric carbon budget at themarsh (Table S4). Two year
average annual FCH4 (49.7 g C-CH4 m

�2 yr�1) from the marsh was higher than average annual net CO2 uptake
(�21.0 g C-CO2 m

�2 yr�1). On an annual basis, GEP sequestered 812.5±30.5 and 787.9±32.8 g C-CO2 m
�2

in 2011 and 2012, respectively, while ER released 741.8±64.9 and 816.6±69.9 g C-CO2 m
�2 back to the

atmosphere. The annual FCO2 was�70.6±63.9 g C-CO2m
�2 (a CO2 sink) in 2011. Surprisingly, ERwas compatible

with GEP in the extremely warm 2012 and led to an annual CO2 budget of 28.7±68.9 g C-CO2 m
�2 (near-CO2

neutral). Annual FCH4 was 42.3±4.9 and 57.0±6.1 g C-CH4 m
�2 in 2011 and 2012, respectively. In total, FCH4

compensated a large portion of FCO2 and led to a near-neutral (�28.3±64.1 g C m�2) atmospheric carbon
budget at the marsh in 2011. For the extremely warm 2012, the marsh acted as an atmospheric carbon source
(85.7±69.2 g C m�2) after considering the contribution of FCO2 and FCH4. Despite the large interannual variation
in FCO2 and FCH4, CH4 accounted for a significant portion in the atmospheric carbon budget of the marsh.

The cropland site, in contrast, was an atmospheric carbon sink with or without considering the
contribution of CH4 (Table S4). The annual GEP and ER were 933.2 ± 30.7 and 781.4 ± 75.5 g C-CO2 m

�2

Figure 7. Time series of (a) half-hourly net ecosystem CH4 exchange (FCH4, grey circles), (b) soil temperature (Tg, black
lines), surface water temperature (Tw, dashed lines), and air temperature (Ta, grey lines), and (c) photosynthetically active
radiation (PAR, black lines) and vapor pressure deficit (VPD, black circles) at the marsh site. Data were from 25 July to
1 August 2011. FCH4 was not gap filled.
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and led to a CO2 sink of �151.8 ± 74.4 g C-CO2 m
�2. The atmospheric carbon budget changed slightly to

�149.5 ± 74.5 g C m�2 after considering the contribution of CH4 (2.3 ± 1.1 g C-CH4 m
�2).

4. Discussion
4.1. Physical Regulation of FCH4 at the Marsh

Soil temperature, groundwater level, and u* are the most frequently used environmental factors in modeling
ecosystem-scale FCH4 [Hatala et al., 2012; Herbst et al., 2013; Olson et al., 2013; Tagesson et al., 2012]. These
factors represent, although implicitly, the regulation of CH4 production, oxidation, and transport [Le Mer and
Roger, 2001]. We found that these factors are also relevant in explaining the FCH4 dynamics at the marsh,
although different factors may regulate FCH4 at different temporal scales. Soil temperature, highly associated
with methanogenesis activity and the production of CH4 [Le Mer and Roger, 2001], was the major controlling
factor of the daily-to-yearly FCH4. The regulation of seasonal FCH4 by soil temperature was also reported in
the previous studies [Hanis et al., 2013; Herbst et al., 2013; Tagesson et al., 2012]. The high R2 and similar
temperature sensitivity between 2011 and 2012 suggested a relatively stable seasonal temperature
dependency at the marsh.

Considering the short-term (half-hourly to weekly) FCH4 dynamics, however, soil temperature was irrelevant
and regulation of transport became the major limiting factor of FCH4. At the half-hourly to weekly scale, u*
became more relevant than at the daily-to-yearly scale, suggesting that transport was more important in
regulating the short-term FCH4 dynamics [Hargreaves and Fowler, 1998; Herbst et al., 2011b]. The importance
of u* should be noted especially in the nongrowing season when live macrophytes are absent and diffusion
and ebullition become the dominant pathways for CH4 transport. As shown in the selected wintertime
series (Figure 8), a short ice-thawing period accompanied by strong turbulence conditions led to a drastic

Figure 8. Time series of (a) half-hourly net ecosystem CH4 exchange (FCH4, grey circles), (b) soil temperature (Tg, black
lines), surface water temperature (Tw, dashed lines), and air temperature (Ta, grey lines), and (c) friction velocity (u*, black
lines) and albedo (closed circles) at the marsh site. Data were from 18 to 25 January 2013. FCH4 was not gap filled. Albedo is
adopted to indicate the periods with frozen ice/snow cover (albedo> 0.2) in contrast to periods with open water
(albedo< 0.2).
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increase in FCH4, even when soil temperature remained steady. The importance of turbulent mixing in
enhancing CH4 emission after ice breakup was also highlighted in a previous study [Lundin et al., 2013], which
reported that the CH4 emission during periods after ice breakup accounted for ~45% of the annual CH4 emission
at subarctic lakes. On the other hand, plant-modulated gas flow played an important role in facilitating the
outgassing of CH4, especially in the peak growing season. The half-hourly FCH4 followed closely the diurnal
changes of air temperature and VPD. We believe that the half-hourly FCH4 is largely driven by the pressurized
ventilation of the aquatic macrophytes, which was documented to be controlled mainly by air temperature
and VPD [Dacey, 1981; Grosse, 1996; Richards et al., 2012] (see section 4.2. for details).

Groundwater level accounted for a minor portion in explaining both the seasonal and diurnal FCH4.
Groundwater level represented the regulation of the CH4 production/oxidation balance through the varying
depths of anaerobic and aerobic zones in the soil [Whalen, 2005]. The irrelevance of groundwater level was
noted in some previous studies [e.g., Jackowicz-Korczyński et al., 2010; Rinne et al., 2007; Wille et al., 2008]
where the sites were permanently inundated or groundwater level only fluctuated slightly. The marsh site
has been managed as inundated in the past decade. Hence, groundwater level is irrelevant in explaining
the FCH4 dynamics over the 2 year study period. However, it should be noted that the permanently inundated
and consequently anaerobic conditions in the sediments are definitely the prerequisites for generating such
a high amount of CH4 at the marsh site.

4.2. Plant Modulation of FCH4 at the Marsh

Plants modulated FCH4 mainly through facilitating CH4 transport from the sediment to the atmosphere at
the marsh. While the daily FCH4 followed closely with the seasonality of soil temperature, the half-hourly
FCH4 showed an evident diurnal pattern following closely with air temperature and VPD in the peak growing
season. A similar pattern was documented in a temperate marsh dominated by Phragmites australis by
Kim et al. [1999]. They found that the diurnal change of FCH4 is driven by the convective gas flow through
P. australis. The plant-modulated gas flow is more efficient in transporting CH4 to the atmosphere than the
diffusion through the water column.

Dacey and Klug [1979] and Dacey [1981] addressed that floating-leaved vegetation, such as the yellow water
lily (Nuphar luteum), constituted a pressurized throughflow system that greatly enhanced gas transport in
plants. Since then, subsequent studies explored this “pressurized ventilation” across a variety of aquatic
floating-leaved plants, such as Nymphaea, Nuphar, and Nelumbo [Dacey and Klug, 1979; Grosse, 1996; Grosse
et al., 1991, 1996; Richards et al., 2012; Sebacher et al., 1985], and emergent plants, such as Typha, Cyperus, and
Phragmites [Bendix et al., 1994; Brix et al., 1992; Sebacher et al., 1985;Whiting and Chanton, 1996]. Despite the
slight structural differences in the ventilation system among species, the convective throughflow is believed
to be generated by the internal pressurization [Brix et al., 1992; Dacey, 1981; Grosse, 1996; Tornberg et al.,
1994]. Briefly, air enters the young or middle-aged leaves as a result of the temperature and/or humidity
gradient between the atmosphere and the lacunae of leaves. The entry of excess air leads to higher
pressure inside the leaves and forces air to be convected down along the petioles (floating-leaved plants) or
lacunae (emergent plants) to the rhizomes. Air is then vented back through the old shoots or leaves to the
atmosphere. While the plants benefit by transporting sufficient oxygen from the atmosphere to their
submerged parts, CH4 enters the plant roots from the sediment and passes rapidly through the plants to
the atmosphere.

The dominant aquatic macrophytes—water lilies and narrow-leaved cattails—at our marsh site have been
noted for their physiological capabilities to facilitate the CH4 outgassing [Grosse, 1996; Schipper and Reddy,
1994; Sebacher et al., 1985; Tornberg et al., 1994]. It was documented that the leaf-specific gas flow rates
can reach up to 4.2 and 1.9mL cm�2 h�1 from water lilies [Grosse et al., 1996] and narrow-leaved cattails
[Tornberg et al., 1994], respectively. Sebacher et al. [1985] documented that rooted aquatic macrophytes (i.e.,
emergent or floating-leaved plants) had generally higher leaf CH4 emission rates than un-rooted plants.
Among the 16 varieties of aquatic plants that have been tested, water lily and cattail (Typha latifolia) had the
highest plant-specific CH4 emissions of 0.014 and 0.007 g C-CH4 d

�1, respectively. Schipper and Reddy [1994]
addressed that the FCH4 mediated by water lily (0.08–0.65 g C-CH4 m

�2 d�1) was much higher than the
background diffusive FCH4 (0.01 g C-CH4 m

�2 d�1) at the Everglades and the Okefenokee Swamp in Florida.
Similarly, the FCH4 mediated by cattail (Typha sp.) (0.08–1.05 g C-CH4 m

�2 d�1) was much higher than the
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background diffusive FCH4 (0.01 g C-CH4 m
�2 d�1) [Schipper and Reddy, 1994]. In sum, as CH4 continues to

be generated at the permanently inundated marsh site, the cattail and water lily play key roles in ventilating
CH4 quickly from the sediments to the atmosphere. The plant-modulated gas flow is more efficient in
transporting CH4 than the diffusion through the water column. Additionally, the gas flow bypasses the
aerobic zone in the water column and consequently keeps CH4 from being oxidized [Whalen, 2005].

It has been noted that plants can also facilitate CH4 production through supplementing photosynthate as
root exudate into the rhizosphere [Dacey, 1981; Dorodnikov et al., 2011; King et al., 2002; Ström et al., 2012].
Our results showed that the daily FCH4 was correlated with the daily GEP at the marsh site and the correlation
was not caused by the confounding effects of soil temperature. However, while GEP was also highly
correlated with PAR and air temperature (i.e., the driving factors of the pressurized ventilation [Dacey, 1981;
Grosse, 1996]), it is difficult to separate the supplementing effect from the ventilating effect based on our
current research design. To date, there are only a few studies that traced the source of CH4-C in the field [e.g.,
Chanton et al., 2008; Dorodnikov et al., 2011; King et al., 2002]. We argue that further research on this topic is
needed, especially to discriminate the underlying mechanisms of the correlated FCH4 and GEP, in order to
better understand the role of plant modulation in wetland CH4 processes.

4.3. Annual Atmospheric Carbon Budget

The annual FCH4 at the marsh is relatively high in comparison to the reported freshwater wetlands in
North America [Bridgham et al., 2006]. Bridgham et al. [2006] synthesized the field measurements of wetland
FCH4 in North America and reported that the geometric and arithmetic means of the annual FCH4 are 5.7 and
27.0 g C-CH4 m

�2 yr�1 in freshwater wetlands. While the majority of the reported wetlands (68%) have
relatively low annual FCH4 (< 25 g C-CH4 m

�2 yr�1), there are a few wetlands that have exceptionally high
annual FCH4, up to 100–170 g C-CH4 m

�2 yr�1. The wide range of reported annual FCH4 reflects the fact that
wetlands are greatly diverse in their vegetation composition, hydrology, and soil conditions. As discussed in
the previous sections, we believe that the permanent inundation and plant-modulated gas flow are the
major causes for such a large amount of CH4 emission at the marsh. To date, few wetland studies have
quantified the annual FCH4 in freshwater marshes (Table S6). The reported annual FCH4 ranges between 14
and 132 g C-CH4 m

�2 yr�1, with a mean of 53 g C-CH4 m
�2 yr�1. These freshwater marshes, characterized by

deep water and long-lasting inundation conditions, are dominated by emergent and/or floating-leaved
macrophytes. The majority of the macrophytes, such as Typha, Cyperus, Phragmites, Pontederia, Nymphaea,
Nuphar, and Nelumbo, possess pressurized ventilation characteristics [Brix et al., 1992; Dacey and Klug, 1979;
Grosse, 1996; Grosse et al., 1991; Richards et al., 2012; Tornberg et al., 1994]. Consequently, CH4 emission is
clearly high in these (mostly) temperate zone freshwater marshes.

In comparison with the limited reports of annual FCH4 and FCO2 at temperate wetlands, our marsh site has
exceptionally high FCH4 contribution to the atmospheric carbon budget (Table S7). The footprint analysis
revealed that the majority (72–77%) of our measured fluxes originated from the less productive Nymphaea-
dominated area and only 12–16% originated from the more productive Typha-dominated area. Hence, the
marsh site showed a relatively weak CO2 uptake rate in contrast to other reported marshes (e.g., Typha-
dominated) [Rocha and Goulden, 2008; Rocha and Goulden, 2009]. In addition, Rocha and Goulden [2008]
documented that freshwater marshes may have large interannual FCO2 variability even under consistent
environmental conditions. In their 5 year study, the annual FCO2 varied drastically from �251 to 515 g C-CO2

m�2 yr�1. Our study was conducted in two of the warmest years in the last 118 year time span in the region,
of which the year 2011 also had an extremely high amount of annual precipitation. Without the baseline FCO2
and FCH4 data of the marsh site, caution is needed in drawing the conclusion that our 2 year research
represents a general pattern in freshwater marshes. Long-term research is needed in order to better
understand the interannual variability of FCH4 and FCO2 and quantify to what extent the climate extremes
may affect the atmospheric carbon budget of freshwater marshes.

Despite the interannual variation, the imbalanced atmospheric carbon budget (especially in 2012) suggests
that there is a significant amount of carbon that is uncounted by our current research framework. Our earlier
research indicated that the sediment carbon accumulation rate was around 170 g C m�2 yr�1 at the same
marsh site [Gottgens and Liptak, 1998]. They estimated that roughly 59% (101 g C m�2 yr�1) of the deposited
carbon originated within the marsh while the rest (69 g C m�2 yr�1) was imported from the agricultural
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ditches. It should be mentioned that the sedimentation rate they reported was estimated based on 210Pb
and 137Cs radioactive dating with a coarse temporal resolution (~10 years). However, the long-term
carbon accumulation trend suggests that the marsh site is generally a carbon sink and, most importantly,
accumulated a considerable amount of carbon from both the primary production within the marsh
(autochthonous carbon) and from the lateral hydrological import (allochthonous carbon). Future research is
needed, especially to quantify the lateral hydrological carbon transport and sediment carbon deposition rate,
in order to improve our estimate of the marsh carbon budget.

The atmospheric carbon budget at the cropland site showed that FCH4 was generally negligible from the
soybean cropland. Similar conclusions were drawn by several studies noting that croplands were generally
not major sources or sinks of CH4 [Ruan and Robertson, 2013; Ussiri et al., 2009;Wang et al., 2011; Zenone et al.,
2011, 2013]. The reported annual FCH4 ranged from�0.03 to 0.28 g C-CH4 m

�2 yr�1. Ussiri et al. [2009] found
that croplands can turn from a minor CH4 source to a minor sink where tillage practice changes from
moldboard plow or chisel tillage to no tillage. Our study showed that FCH4 increased slightly after the harvest
and tillage. Additionally, the subsurface soil was frequently saturated and groundwater level was high in
the fall and winter of 2011. These factors might lead to slightly higher FCH4 in those periods. However,
considering the uncertainties of the flux measurements and the detection limit of the LI7700 at such a low
level of FCH4, the results should be interpreted cautiously.

Based on relative spatial coverage of marshes (~4%), croplands (~70%), and forests (~7%) in the region, the
amount of carbon released via CO2/CH4 from the marshes should be compensated by the net CO2 uptake of
croplands and forests in the region. On average, the marsh released ~28.7 g C m�2 yr�1 to the atmosphere
in the 2 year study period. On the other hand, our soybean cropland sequestered ~150 g C-CO2 m

�2 yr�1.
Xie et al. [2014] reported that an oak-dominated forest in the same region had a 7 year average FCO2 of
�339 g C-CO2 m

�2 yr�1. Zenone et al. [2013] reported that a conventional corn cropland in southwestern
Michigan, USA, sequestered ~60 g C-CO2 m

�2 yr�1 via CO2 uptake in their 3 year study. As marshes occupy
only a small portion of area in the region, the atmospheric carbon loss from the wetlands should be
compensated by the net CO2 uptake at croplands and forests in the region. It should be noted that, while CH4

accounted for a considerable portion of the atmospheric carbon loss from the wetlands, the interplay of CO2

uptake and CH4 emission from adjacent ecosystems needs further research in order to better understand the
regional greenhouse gas budget and global warming effects.

The importance of hydrologic carbon fluxes among ecosystems is increasingly addressed in recent carbon
cycling studies [e.g., Algesten et al., 2004; Cole et al., 2007]. The terrestrial-aquatic continuum concept reveals
the significance of hydrologic processes in transporting carbon among ecosystems [Aufdenkampe et al., 2011;
Cole et al., 2007; Jenerette and Lal, 2005; Johnson et al., 2008; Richey et al., 2002; Tranvik et al., 2009]. Carbon
sequestered by terrestrial ecosystems (e.g., croplands) may be leached and transported via hydrologic
processes (e.g., runoff ) to adjacent aquatic ecosystems [Buffam et al., 2011]. Consequently, lateral hydrologic
carbon processes may be an important vector in relocating carbon among different ecosystems in the
landscape. Our marsh site continuously receives inflows from the nearby croplands and the outflow gate is
closed most of the time. The organic matter carried by the inflows is likely to be trapped in the marsh and
deposited into the sediment and/or released to the atmosphere [Algesten et al., 2004; Buffam et al., 2011; Cole
et al., 2007; Kling et al., 1991; Tranvik et al., 2009]. Hence, the carbon uptake at the nearby croplands may
contribute to the carbon loss (CO2 or CH4) and lead to an imbalanced atmospheric carbon budget in
the marsh.

5. Conclusions

Freshwater marshes deserve more research and management attention with respect to their greenhouse
effects. Freshwater marshes characterized by deep water and long-lasting inundated conditions are usually
dominated by aquatic macrophytes with pressurized ventilation characteristics. The plant-modulated
gas flow along with the frequent inundation leads to great CH4 production/emission potential at these
freshwater marshes. In addition, the imbalanced atmospheric carbon budget from our 2 year study suggests
that other uncounted carbon (e.g., lateral hydrologic imports, sediment storage) may play a crucial role in
marsh carbon cycling. While freshwater marshes account for a small portion of current land use in
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agriculture-dominated northwestern Ohio, they are usually located at lower elevations and receive a
considerable amount of runoff (and thus nutrients and carbon) from adjacent croplands. Thus, these
remaining marshes may act as hot spots in the regional carbon cycling by accumulating carbon in the
sediment and/or converting the carbon into CH4 and releasing it to the atmosphere. Although freshwater
marshes are generally not major soil carbon pools in comparison to peat-rich wetlands, their inundated
conditions, plant-facilitated gas flow, and hydrologic connections have important implications for their
efficiency in turning the newly fixed carbon (either allochthonous or autochthonous) into CH4 and releasing
it to the atmosphere.
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