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Abstract

Freshwater marshes are well-known for their ecological functions in carbon sequestration, but complete carbon bud-

gets that include both methane (CH4) and lateral carbon fluxes for these ecosystems are rarely available. To the best

of our knowledge, this is the first full carbon balance for a freshwater marsh where vertical gaseous [carbon dioxide

(CO2) and CH4] and lateral hydrologic fluxes (dissolved and particulate organic carbon) have been simultaneously

measured for multiple years (2011–2013). Carbon accumulation in the sediments suggested that the marsh was a

long-term carbon sink and accumulated ~96.9 � 10.3 (�95% CI) g C m�2 yr�1 during the last ~50 years. However,

abnormal climate conditions in the last 3 years turned the marsh to a source of carbon (42.7 � 23.4 g C m�2 yr�1).

Gross ecosystem production and ecosystem respiration were the two largest fluxes in the annual carbon budget. Yet,

these two fluxes compensated each other to a large extent and led to the marsh being a CO2 sink in 2011

(�78.8 � 33.6 g C m�2 yr�1), near CO2-neutral in 2012 (29.7 � 37.2 g C m�2 yr�1), and a CO2 source in 2013

(92.9 � 28.0 g C m�2 yr�1). The CH4 emission was consistently high with a three-year average of 50.8 � 1.0 g

C m�2 yr�1. Considerable hydrologic carbon flowed laterally both into and out of the marsh (108.3 � 5.4 and

86.2 � 10.5 g C m�2 yr�1, respectively). In total, hydrologic carbon fluxes contributed ~23 � 13 g C m�2 yr�1 to the

three-year carbon budget. Our findings highlight the importance of lateral hydrologic inflows/outflows in wetland

carbon budgets, especially in those characterized by a flow-through hydrologic regime. In addition, different carbon

fluxes responded unequally to climate variability/anomalies and, thus, the total carbon budgets may vary drastically

among years.
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Introduction

Global carbon and water cycles are highly coupled at

multiple scales. Studies show that lateral hydrologic

carbon fluxes (i.e., carbon transported via runoff) are

important vectors in regional carbon cycling (Algesten

et al., 2004; Cole et al., 2007). Carbon sequestered by ter-

restrial ecosystems (e.g., forests, croplands) may be lea-

ched out, carried along aquatic pathways, and buried

in low areas of landscapes (e.g., wetlands, lakes)

(Mccarty & Ritchie, 2002; Bedard-Haughn et al., 2006;

Bridgham et al., 2006; Buffam et al., 2011). Thus, these

hydrologic processes are significant in transporting

and redistributing carbon along the terrestrial-aquatic

continuum (Jenerette & Lal, 2005; Cole et al., 2007; John-

son et al., 2008; Aufdenkampe et al., 2011).

There is also growing evidence showing that inland

aquatic ecosystems (e.g., rivers, wetlands, lakes) are

more than just ‘neutral pipes’ that merely convey ter-

restrial carbon to the ocean (Cole et al., 2007; Tranvik

et al., 2009; Aufdenkampe et al., 2011). The imported

carbon may be transformed within the aquatic ecosys-

tems, released via carbon dioxide (CO2)/methane

(CH4) outgassing, or deposited in the sediment (Kling

et al., 1991; Algesten et al., 2004; Cole et al., 2007;

Tranvik et al., 2009; Einola et al., 2011). Previous studies

(mostly in lakes) showed that outgassing and sedimen-

tation processes occur simultaneously (i.e., a bidirec-

tional carbon process) (Cole et al., 2007; Tranvik et al.,

2009; Buffam et al., 2011; Knoll et al., 2013). These

bidirectional characteristics draw attention to the
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importance of lateral carbon transports (i.e., allochtho-

nous carbon). Bridgham et al. (2006) identified freshwa-

ter mineral-soil wetlands (e.g., marshes) as the largest

unknown in the North American wetland carbon

budget. As these wetlands are characterized with a

flow-through hydrologic regime, the interplay of

autochthonous and allochthonous carbon become cru-

cial and caution is required in interpreting the carbon

sequestration rates (Bridgham et al., 2006).

Our previous study found that a Lake Erie coastal

marsh in northwestern Ohio, United States had two-

year average net ecosystem CH4 exchanges (FCH4) up to

~50 g C m�2 yr�1 (Chu et al., 2014b). The carbon

released via FCH4 was compatible with the carbon

uptake by net ecosystem CO2 exchange (FCO2) at the

marsh (two-year average: �20.1 g C m�2 yr�1) and led

to a slight source for the atmospheric carbon budget.

Gottgens & Liptak (1998) and Spongberg et al. (2004)

showed that this marsh, on a long-term basis, served as

a carbon sink according to the carbon accumulation

trend in the sediment (59–69 g C m�2 yr�1; 1920–1997
average). These findings imply a bidirectional carbon

process and allochthonous carbon may supplement the

marsh carbon balance. Yet, prior studies were con-

ducted at different time spans and lacked details on lat-

eral hydrologic carbon flows. Thus, a comprehensive

picture of the marsh carbon budget was not clear.

We conducted three-year intensive and comprehen-

sive field measurements on the FCO2, FCH4, and lateral

hydrologic carbon flux at a Lake Erie coastal marsh. In

addition, the long-term sedimentation rate of the marsh

was updated. We aimed at addressing the following

questions: (i) Is the three-year carbon budget (i.e., FCO2,

FCH4, and lateral hydrologic carbon fluxes) compatible

with the long-term carbon sedimentation rate at the

marsh? (ii) What are the relative contributions of FCO2,

FCH4, and lateral hydrologic carbon fluxes in the annual

marsh carbon budget? (iii) What is the seasonal and

interannual variability in the hydrologic carbon fluxes?

(iv) To what extent do these carbon fluxes and their

budgets respond to interannual climate variability?

While short-term (half-hourly to seasonal) FCO2 and

FCH4 dynamics and their controlling factors have been

thoroughly examined in our earlier study (Chu et al.,

2014b), the focus here is on the interannual variability

and total ecosystem carbon budget.

Method

Site information

The marsh is located in the Winous Point Marsh Conservancy

along the shore of Lake Erie (N41°27051.28″, W82°59045.02″).
The 129 ha marsh is covered with a mix of emergent (Typha

angustifolia L., Sparganium americanum N., Hibiscus moscheutos

L.) and floating-leaved vegetation (Nymphaea odorata A., Nel-

umbo lutea W.) interspersed with areas of open water with

some submerged plants (Figure S1). The dominant vegetation

is Typha (narrow-leaved cattail) and Nymphaea (water lily) in

the emergent and floating-leaved vegetation areas, respec-

tively. Nymphaea usually starts growing petioles and leaves

around late May that gradually cover the floating-leaved vege-

tation area from June to September. Nymphaea leaves start to

senesce around late September and the area gradually turns to

open water through the winter. On the other hand, Typha

starts tillering and emerging around mid-May and senesces

around early October. After that, much of the aboveground lit-

ter remains standing and gradually fragmentizes and deposits

into the sediment through the winter and spring. Above- and

belowground biomass (�SD) in the peak growing season is

0.22 � 0.03 and 0.21 � 0.10 kg C m�2 in the floating-leaved

area and 1.52 � 0.27 and 12.55 � 3.87 kg C m�2 in the emer-

gent vegetation area (Chu et al., 2014b). The soil organic layer

extends to a depth of ~20 cm and the organic carbon storage

(�SD) is around 5.32 � 0.13 kg C m�2. The surface water

at the marsh has pH values of 7.18–8.63. The ice/snow cover

periods are from early December to late February.

The hydrology of the marsh is relatively isolated by the sur-

rounding dikes but agricultural runoff enters through three

free-flowing culverts, with diameters of 1.8, 0.9, and 1.5 m,

connecting to adjacent ditches (Gottgens & Liptak, 1998) (Fig-

ure S1). The upstream area of these ditches is dominated by

conventional croplands (soybean, corn, and wheat), most of

which is drained by subsurface tiles that empty into ditches.

The actual watershed area was difficult to delineate in this flat

landscape and different areas (200–900 ha) were reported in

previous studies (Gottgens & Liptak, 1998; Muller, 2004;

Spongberg et al., 2004). In this study, we adopted a relatively

conservative estimate of ~260 ha (Figure S1). The outflow of

the marsh is connected downstream to Sandusky Bay (into

Lake Erie) through a manually controlled outflow gate. The

gate is managed by the Winous Point Shooting Club to main-

tain year-round inundation at the marsh, with surface water

levels ranging in depths of 0.3–0.9 m (Gottgens & Liptak,

1998; Chu et al., 2014b).

Micrometeorological measurements

A 3-m tower was constructed in 2010 at the center of the

marsh with at least a 250-m fetch in all directions (Figure

S1). Micrometeorological variables were measured at the

tower including long-/short-wave radiation, photosyntheti-

cally active radiation (PAR), air temperature (Ta), and pre-

cipitation (PP) (Table S1). Two levels of sediment

temperature (Tg; two replicates at 0.1 and 0.3 m depth) and

surface water temperature (Tw; two replicates, 0.1 and

0.3 m above the sediment surface) were measured near the

tower and the averages were used for following analyses

(Table S1). The surface water table (WT) was measured

during the ice-free season (Table S1). All of the variables

were recorded every 30 min by a datalogger [CR5000,

Campbell Sci., Inc. (CSI), Logan, UT, USA]. Regional long-
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term air temperatures and precipitation were obtained

through the National Climatic Data Center of the National

Oceanic and Atmospheric Administration, USA.

Net ecosystem CO2 and CH4 exchanges

The eddy-covariance method was applied to quantify the half-

hourly FCO2, FCH4, and evapotranspiration (ET) (Chu et al.,

2014b). The system comprises of a sonic anemometer (CSAT3,

CSI), an open-path CO2/H2O infrared gas analyzer (LI7500,

LI-COR, Inc. (LI-COR), Lincoln, NE, USA), and an open-path

CH4 gas analyzer (LI7700, LI-COR). The measurement periods

were January, 2011 to December, 2013 for FCO2 and ET and

March, 2011 to December, 2013 for FCH4.

The half-hourly FCO2, FCH4, and ET were calculated and

quality controlled by using the EdiRe (University of Edin-

burgh, v1.5.0.29, 2011) following the workflow in Chu et al.

(2014a,b). We ran footprint analyses for each half hour

(Kormann & Meixner, 2001) and the majority (>80%) of our

measured fluxes originated from the 0–250 m fetch near the

tower (Figure S1), within which floating-leaved vegetation

area contributed ~71% to the measured fluxes (Chu et al.,

2014b). In this study, positive FCO2, FCH4, and ET indicated

a net flux from the ecosystem to the atmosphere. Overall,

63% of FCO2 and ET passed the quality controls (Table S2)

and the data gaps were filled by using the marginal distri-

bution sampling (MDS) method (Reichstein et al., 2005).

FCO2 was further partitioned into gross ecosystem produc-

tion (GEP) and ecosystem respiration (ER) following Reich-

stein et al. (2005) (Data S1.1). We adopted an eight-day non-

overlapping window in fitting the ER and GEP models.

The Lloyd and Taylor respiration model and the rectangu-

lar hyperbola model were adopted, respectively, in ER and

GEP modeling (Lloyd & Taylor, 1994; Falge et al., 2001):

ER ¼ Rref exp E0
1

Tref � T0
� 1

Ta � T0

� �� �
ð1Þ

GEP ¼ � aPmaxPAR

aPARþ Pmax
ð2Þ

where Rref (lmol CO2 m�2 s�1) is the base respiration at the

reference temperature (Tref, set as 10 °C), E0 (°C) is the temper-

ature sensitivity, and T0 is set as �46.02 °C. a is the ecosystem

light use efficiency (lmol CO2 mmol quanta�1), and Pmax is

the maximum CO2 uptake rate at light saturation (lmol

CO2 m�2 s�1). We adopted respectively negative and positive

sign conventions for GEP and ER (FCO2 = GEP + ER). The

growing and nongrowing seasons were separated by the first

and last consecutive 3 days with daily absolute GEPs larger

than 1 g C m�2 day�1.

Overall, 42% of FCH4 passed the quality checks (Table S2).

The data gaps were filled by the subsequent steps (Data S1.2):

(i) Those days with short gaps in half-hourly FCH4 (<1.5 hour

consecutively and <12 hour in total daily) were filled using

the MDS method (Reichstein et al., 2005); (ii) Those days with

longer gaps were filled using the empirical regression models

at the daily scale with a predictor variable of Tg (Chu et al.,

2014b):

lnðFCH4
� 103Þ ¼ lnðRFCH4

� 103Þ þ STgðTg � �TgÞ ð3Þ

where the overbar indicates the mean value of the study per-

iod, RFCH4 (g C m�2 day�1) is the base daily FCH4 (g

C m�2 day�1) at the averaged Tg (14 °C), and STg represents

the sensitivity of FCH4 to change in the daily Tg.

We assessed the uncertainties of FCO2, FCH4, and ET via

calculating the random errors (Richardson et al., 2006) and

the uncertainties originated from friction velocity criteria

selection, gap-filling and flux-partitioning procedures (Au-

rela et al., 2002; Reichstein et al., 2005; Richardson & Hollin-

ger, 2005; Desai et al., 2008) (Data S1.3). In addition, the

energy balance closure was examined for both the annual

and daily integrals of energy fluxes/storage changes (Mah-

rt, 1998; Wilson et al., 2002) (Data S1.4). The annual energy

balance ratio averaged 0.72 (0.64–0.76 for each year) over

the 3 years (Table S3). Our energy balance closure was

slightly lower than the reported cross-site average (~0.80,
Wilson et al., 2002) but was still within the reported range

from a few available studies at wetlands [0.76 � 0.13

(�SD), Stoy et al., 2013] and small lakes (0.72–0.82, Nordbo

et al., 2011).

Lateral hydrologic carbon fluxes

Lateral hydrologic carbon fluxes were calculated from the

water discharges (inflow and outflow) and water carbon con-

centrations in the ice-free periods (26 February to 8 December

in 2011, 13 February to 21 December in 2012, and 23 February

to 5 December in 2013). The water inflows and outflows were

obtained by solving the marsh water budget at a daily scale:

Qnet ¼ PP� ET� DWT ð4Þ

where ΔWT and PP are the measured daily surface water level

change (mm day�1) and precipitation (mm day�1) at the

tower. ET is obtained by the eddy-covariance method

(mm day�1). Qnet (mm day�1) is the net lateral water flow

normalized for marsh area. Groundwater flow was assumed

negligible in Qnet, because the area is dominated by clay-rich

soil/sediment characterized by low permeability and percola-

tion rates (Muller, 2004). The upstream croplands are drained

using tiles and this drainage flows mostly into ditches before

entering the marsh. We adopted the sign convention that PP

has positive or zero values. Positive Qnet indicates a net flux

out of the marsh and positive ΔWT indicated net increases of

WT. We further partitioned the Qnet into the water flows at the

three inlets (Qin; mm day�1) and one outlet (Qout; mm day�1)

by identifying the periods with the outflow gate opened/

closed (Data S2.1–S2.3).

Hydrologic carbon concentration

The water carbon concentrations were sampled manually

during the ice-free periods and the sampling intervals were

~16, ~21, and ~19 days in 2011, 2012, and 2013, respectively.

Two 500 ml bottles (Nalgene) of water were taken at each of

the three inlets and near the tower during a total of 42 sam-

pling trips. The outlet water samples were only taken during

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760

CARBON BUDGET OF A FRESHWATER MARSH 3



the periods when the outflow gate was opened (17 trips).

For each trip/location, three 100 ml subsamples were taken

in lab from the well-mixed 1000 ml water sample. Particu-

late organic carbon (POC) and dissolved organic carbon

(DOC) were separated via preashed and preweighted Milli-

pore (0.45 lm pore size, APFF) filters. Organic carbon con-

tent was estimated by using the weight loss on ignition

method (Dean, 1974; Heiri et al., 2001) (Data S2.4). Starting

in March, 2013, additional measures were taken to determine

the dissolved inorganic carbon (DIC; i.e., mostly bicarbonate

(HCO3
�) and free CO2 in our case) levels in the water sam-

ples. In each of the 13 sampling trips, one 500 ml bottle of

water was carefully taken without headspace at each loca-

tion. After return to the lab, three 100 ml subsamples were

taken from each bottle and analyzed immediately. The DIC

was then calculated by using the alkalinity titration method

(Wetzel & Likens, 2000) (Data S2.4). We found no significant

difference of DOC, POC, and DIC among the three inlets

and the data were pooled.

Calculation of hydrologic carbon fluxes

Two methods were applied to calculate the annual integrals of

lateral DOC, POC, and DIC fluxes (FDOC, FPOC, and FDIC).

First, we applied Method 5 in Walling & Webb (1985) to calcu-

late the discharge-weighted mean concentrations of DOC,

POC, and DIC for each year (Method 1). The annual fluxes

were then determined by multiplying the weighted concentra-

tions with the annual integrals of Qin and Qout:

FX ¼ K
P n

i ¼ iðCXiQiÞP n
i ¼ 1 Qi

QT ð5Þ

where FX and CXi denote the annual flux and instantaneous

concentration (at sampling time (i) of target carbon X (i.e.,

DOC, POC, DIC), K and n indicate the unit conversion factor

and sample number, and Qi and QT indicate the instantaneous

discharge at sampling time i, and the annual mean discharge.

Second, we estimated the daily DOC, POC, and DIC (only

in 2013) concentrations through the linear interpolation

between the sampling trips (Juutinen et al., 2013; Wallin et al.,

2013). The first and last water samples of each year were

extrapolated to the start and end of the ice-free period. The

interpolated and extrapolated concentrations were then multi-

plied with the daily Qin and Qout to generate the daily FDOC,

FPOC, and FDIC at the inlets and outlet (Method 2). Because the

water samples were taken at a relatively sparse frequency in

comparison with other flux measurements (e.g., FCO2, FCH4),

we adopted these two different methods to provide a better

constraint in our estimations (Data S2.5). Unless specified, the

average of the two estimates was used while reporting the

annual hydrologic carbon fluxes. The second method also pro-

vided an approximate estimate of seasonality in these hydro-

logic carbon fluxes.

Sediment core and radioactive dating

The sedimentation rate was determined using the activities

of radio-isotope cesium-137 (137Cs) in sediment cores (Bernal

& Mitsch, 2012; Mitsch et al., 2012). The cores were taken

from the deepest water area (~0.6 m at the time of sam-

pling) on 30 October in 2013 (Figure S1). We used gamma

ray spectroscopy and followed the same analysis protocol as

in our previous studies (Gottgens et al., 1999; Spongberg

et al., 2004) (Data S3). The onset of 137Cs (>0.005 Bq g�1)

activities in the sediment profile corresponded to 1966 � 2

(�SD) based on earlier 210Pb activity dating at the same

marsh (Gottgens & Liptak, 1998; Spongberg et al., 2004). The

long-term (1966–2013) average sediment and organic carbon

deposition rates were calculated by dividing the total sedi-

ments and organic carbon above the 137Cs onset layer by

48 years. In addition, we compared the total organic carbon

above the 137Cs onset layer between our sediment profiles

and previous ones taken in 1997 (Muller, 2004). The differ-

ence of accumulated organic carbon then provided an esti-

mate of sediment carbon accumulation over the last

16 years (1998–2013).

Statistical Analysis

All of the statistical tests and model fittings were conducted

by 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 & Brazzale, 2003).

The linear regressions of FCH4, the validation of the simulated

and observed Qin and Qout, and the comparisons of the DOC,

POC, and DIC among years, seasons, and locations were con-

ducted using the ‘lm’ function. Unless specified, the signifi-

cance level was set to 0.05 and the uncertainty (�) always

refers to 95% confidence or quantile intervals in the following

sections.

Results

Microclimate condition

Our three-year study experienced climate conditions

that were extreme outliers over the last 121 years of

recorded observations. The year 2012 was the second

warmest year (1.9 °C higher than the long-term aver-

age of 10.1 °C) of the century in the region (Figure

S2a). The 2011–2012 winter (December, 2011 to Febru-

ary, 2012) was exceptionally warm (average: 0.5 °C)
in comparison to the long-term average of �2.4 °C.
We observed that surface ice melted and reformed

during periods with relatively warm temperature

(e.g., 17–21 January). The surface ice thawed com-

pletely around 13 February, which was much earlier

than that in 2011 (26 February) and 2013 (23 Febru-

ary). The warm 2011–2012 winter was followed by an

earlier warm-up on 11–25 March. Ta increased drasti-

cally to ~20 °C during this early spring period, which

was around 15 °C higher than the long-term average.

The year of 2011, on the other hand, had the highest

amount of annual PP (~1339 mm) over the last

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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121 years (~490 mm higher than the long-term aver-

age) (Fig. 1c).

The climate conditions in 2013 were less extreme

in comparison with 2011 and 2012 (Figures S2a, S2c,

and 1c). The mean Ta and annual PP were near the

long-term averages. However, there were long-lasting

rainy periods and cool spells in the summer of 2013.

From 22 June to 22 July, the cumulative global radia-

tion (Rg) was 23% and 25% lower in 2013 than 2011

and 2012 (Figure S2c). Following the period with

reduced Rg, Ta dropped quickly and reached a local

minimum of ~13.2 °C at dawn on 28 July. On aver-

age, Ta was ~20.8 °C in the peak summer period (23

July to 22 August) in 2013, which was 2.3–3.5 °C
cooler than 2011 and 2012 (Figure S2a). Surface ice

started to form around 8 December in 2011, 21

December in 2012, and 5 December in 2013. The

cumulative precipitation (mostly as snowfalls) was

206, 134, and 210 mm during the ice-cover periods in

2011, 2012, and 2013, respectively.

Water budget

The three-year water budget showed large interannual

variations in both the magnitude of water fluxes and

the partitioning among these fluxes (Figs 1a–f and

m–o). The extremely wet 2011 had 1133 mm of PP

during the ice-free period. ET returned ~700 � 40 mm

(62% of PP) of water back to the atmosphere. The

excess water was drained by the Qnet (183 � 67 mm)

and also led to a ~250 mm increase in the surface

water level. The extremely warm 2012 had the lowest

PP in the ice-free period (631 mm) among the 3 years.

The ET rate, in contrast, was largely enhanced in the

warm and dry year and returned ~865 � 40 mm

(137% of PP) of water back to the atmosphere in the

ice-free period. The high ET was largely supple-

mented by the Qnet (�229 � 51 mm) (i.e., net runoff

surplus). The year 2013 had the lowest ice-free-period

ET of ~597 � 40 mm (87% of PP) among the three

years.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 1 Time series of the daily water fluxes and storage changes during the ice-free season from 2011 to 2013, including (a–c) precipita-

tion (PP), (d–f) evapotranspiration (ET), (g–i) surface water flow at the inlets (Qin), (j–l) surface water flow at the outlet (Qout), and (m–

o) surface water table change (DWT). Solid lines indicate the cumulative fluxes (a–l) and storage changes (m–o) starting from the first

day of the ice-free season (26 February 2011, 13 February 2012, and 23 February 2013). Qin and Qout are presented in a marsh-area-spe-

cific unit. Positive sign convention is adopted for PP. Positive Qin, Qout, and ET indicate the net water flux from the marsh to the nearby

ditches or the atmosphere. Positive DWT indicates a net increase in the water table (WT) within a daily interval. Open circles (g–l) show

the in situ manually measured Qin and Qout.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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The partitioned Qin and Qout revealed that the flow

regime was characterized by low baseline inflow and

intermittently high inflow/outflow (Figs 1g–l). Overall,

the majority of Qin values were between 5 and

�15 mm day�1. Pulsing inflows occurred only shortly

after rainfalls. There were a few peak inflows (�60 to

�100 mm day�1) that occurred 1–3 days after intense

rainfall events in 2011. Qout, in contrast, occurred only

for a relatively shorter period of time (mostly 1–3 days)

but had a high volume of water flow. Because of the

bimodal pattern in the flow regime, our partitioning

approach adequately separated the Qnet into Qin and

Qout in most of the periods (Data S2 and Figure S3). In

sum, 2011 had the highest Qin and Qout of �2087 � 106

and 2270 � 146 mm in the ice-free season among the

3 years, while 2012 had the lowest Qin and Qout of

�509 � 73 and 280 � 95 mm. 2013 had surprisingly

high Qin (�1768 � 99 mm) and Qout (1945 � 125 mm)

after considering that PP was not exceptionally high in

the ice-free season. The high Qin in 2013 suggested that

there was a large amount of excess water in the

upstream croplands, which was partially contributed

by snowmelt accumulated in the winter (~177 mm in

total). In addition, the decreased ET in the cool summer

may have contributed to high surface runoff in the

upstream croplands.

Net ecosystem CO2 exchange

Our three-year study revealed that the annual FCO2 was

the small residual of two large and opposite fluxes (i.e.,

GEP and ER). While there was only 5–15% and 5–12%
of interannual variation in the annual GEP and ER

within the 3 years, these changes in the GEP and ER

led to a disproportional and directional change in the

annual FCO2 (Fig. 2a and Table 1). Surprisingly, the

daily FCO2 turned positive much earlier in 2013 (~19
August) than 2011 and 2012. The cumulative FCO2 was

(a)

(b)

(c)

(d)

Fig. 2 Time series of the daily carbon fluxes from 2011 to 2013, including the (a) net ecosystem CO2 exchange (FCO2), (b) net ecosystem

CH4 exchanges (FCH4), (c) dissolved organic carbon flux (FDOC), and (d) particulate organic carbon flux (FPOC). The daily FCO2 is parti-

tioned and presented as the gross ecosystem production (GEP, grey bars) and ecosystem respiration (ER, black bars). Grey and black

bars indicate the fluxes at the inlets and outlet in Figs 2c and 2d. Solid lines indicate the cumulative FCO2, FCH4, FDOC, and FPOC starting

from 1 January of each year. Grey and dashed lines show the net cumulative fluxes at the inlets and at the outlet in Figs 2c and 2d. Neg-

ative sign conventions for all of the fluxes indicate net fluxes into the marsh.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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~67.4 g C m�2 during the last 67 days of the growing

season in 2013, which offset ~73% of the CO2 uptake in

the precedent periods of the growing season.

Our GEP model estimation showed that the interan-

nual variation in GEP was mainly caused by the varied

maximal ecosystem CO2 uptake rates [i.e., Pmax,

Eqn (2)]. The Pmax (�SD) was 12.8 � 1.4 lmol

CO2 m�2 s�1 in the growing season of 2013 (Table S4),

which was lower than 20.8 � 2.7 and 17.2 � 1.9 lmol

CO2 m�2 s�1 in 2011 and 2012 (P = 0.008 and

P = 0.073), respectively. In addition, we found that

Pmax declined considerably in the second half of the

growing season in 2013, during which Pmax dropped

~20% to 10.7 � 0.9 lmol CO2 m�2 s�1 after mid-

August. Consequently, the reduced Pmax led to low

GEP in 2013, which was ~183–225 g C m�2 lower than

that in 2011 and 2012.

The base ecosystem respiration [i.e., Rref, Eqn (1)], in

contrast, was not different among the 3 years and was

relatively constant through the growing seasons (Table

S4). Rref ranged around 2.7–2.9 and 0.7–1.5 lmol

CO2 m�2 s�1 in the growing and nongrowing season,

respectively. Because Rref was relatively constant in the

growing season, the increasing ER in the late growing

season in 2012 resulted mainly from warm temperature

anomalies during the period (Fig. 2a and Figure S2a).

Net ecosystem CH4 exchange

The marsh was an evident and consistent CH4 source

ranging from 43.4 to 57.0 g C m�2 yr�1 (Fig. 2b and

Table 1). The seasonality of FCH4 was mainly regulated

by the dynamics of Tg (Figure S4, P < 0.001, R2 = 0.89),

with no significant differences in the temperature sensi-

tivities (0.21 � 0.01) among these years. On the other

hand, we found that the base FCH4 at Tg of 14 °C [i.e.,

RFCH4, Eqn (3)] varied significantly among the 3 years

(0.053 and 0.063 g C m�2 day�1 in 2011 and 2012,

respectively). The RFCH4 in 2013 was higher than that in

2011 and 2012, with a surprisingly significant decrease

in RFCH4 after July in 2013 (Figure S4b, P < 0.001).

RFCH4 was 0.088 g C m�2 day�1 for the period

between January and June and decreased to 0.049 g

C m�2 day�1 after that.

Overall, the combination of the interannual variabil-

ity in both the Tg and RFCH4 explained the observed in-

terannual variability in FCH4. 2011 had lower average

Tg (13.0 °C) and the lowest RFCH4 and consequently the

lowest annual FCH4 of 43.4 � 1.3 g C m�2 yr�1. In con-

trast, 2012 had both higher average Tg (14.2 °C) and

RFCH4 and altogether led to the highest annual FCH4 of

57.0 � 1.9 g C m�2 yr�1. 2013 had the lowest annual Tg

(12.9 °C) among the 3 years; however, the high RFCH4,

especially in the first half of the year, led to an annual

FCH4 of 52.1 � 1.8 g C m�2 yr�1.

Hydrologic carbon concentrations and fluxes

Dissolved organic carbon was the dominant hydro-

logic carbon in all sampling locations and trips and

was one order of magnitude larger than POC and

DIC (Figs 3 and 4a). We found no interannual differ-

ence in DOC and POC (Fig. 3). The discharge-

weighted DOC concentrations were 62.6 � 10.0,

61.1 � 11.5, and 73.8 � 13.4 mg C l�1 in 2011, 2012,

and 2013 at the inlets, and 48.9 � 10.1, 51.3 � 23.4,

and 64.5 � 13.9 mg C l�1 at the outlet (Table S5). We

found weak seasonality in DOC and POC that peaked

in the early growing season (May–June) in 2011 and

Table 1 Summary of the annual carbon fluxes (g

C m�2 yr�1) from 2011 to 2013

2011 2012 2013

Net ecosystem exchange (NEE)

FCO2 �78.8 � 33.6 29.7 � 37.2 92.9 � 28.0

GEP �910.8 � 20.3 �952.4 � 22.8 �727.4 � 17.7

ER 832.1 � 35.3 982.1 � 40.5 820.4 � 29.6

FCH4 43.4 � 1.3 57.0 � 1.9 52.1 � 1.8

Hydrologic flux (HF)*

Inlets

FDOC �130.6 � 10.0 �31.1 � 11.5 �130.6 � 13.5

�132.5 � 13.8 �29.5 � 10.3 �130.0 � 17.5

FPOC �14.5 � 1.3 �3.2 � 1.2 �15.0 � 1.7

�14.4 � 1.7 �3.3 � 1.2 �15.0 � 2.2

FDIC n.a. n.a. �19.2 � 2.0

n.a. n.a. �22.1 � 3.1

Outlet

FDOC 110.9 � 10.1 14.4 � 23.4 125.4 � 14.0

98.3 � 12.7 12.8 � 7.5 103.3 � 15.8

FPOC 11.4 � 1.2 0.9 � 1.2 15.5 � 2.0

10.8 � 1.6 1.0 � 1.3 12.1 � 1.9

FDIC n.a. n.a. 19.1 � 2.4

n.a. n.a. 18.5 � 2.4

Carbon balance

NEE �35.4 � 33.7 86.7 � 37.2 145.0 � 28.0

HF �30.3 � 19.1 �19.0 � 14.6 �18.9 � 32.4

NEE + HF �65.7 � 38.7 67.7 � 40.0 126.1 � 42.8

Negative values indicate net carbon fluxes into the marsh.

FCO2, net ecosystem CO2 exchange; GEP, gross ecosystem pro-

duction; ER, ecosystem respiration; FCH4, net ecosystem CH4

exchange; FDOC, dissolved organic carbon flux; FPOC, particu-

late organic carbon flux; FDIC, dissolved inorganic carbon flux;

�, uncertainty intervals; n.a., data not available.

*Annual hydrologic fluxes are calculated using both the

Method 1 (line 1) and Method 2 (line 2). Details of the methods

are discussed in the Materials and Methods (section 2.4).

Annual carbon balances are calculated using the mean hydro-

logical fluxes from the Method 1 and Method 2.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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2013 (DOC and POC: 90–130 and 9–13 mg C l�1). DIC

was generally higher in late summer and fall in 2013

(Fig. 4a) in correspondence with the periods that ER

exceeded GEP and led to positive FCO2 (Fig. 2a). The

observed Qin and Qout were not exceptionally high

during these high concentration events. No correlation

was found between the concentrations and discharges.

Thus, linear interpolation among sampling was

adopted in generating the daily DOC, POC and DIC

(2013). Aside from these few, high concentration data,

DOC, POC, and DIC ranged around 40–80, 4–10, and
6–13 mg C l�1

, respectively.

Among all of the sampling locations, DOC and POC

concentrations were generally lower at the outlet and

were compatible at the inlets and near the tower

(Fig. 3). Within the 17 trips that water samples were

taken at inlets, outlet, and tower, the pairwise compari-

son showed that DOC and POC were ~38% and ~31%
higher at the inlets than that at the outlet (P < 0.001

and P = 0.001). We adopted the multiplicative relations

(i.e., 1.38:1 and 1.31:1) to estimate the outlet DOC and

POC for those trips when water samples were only

taken at the inlets. The estimated DOC and POC were

only used in interpolating the daily DOC and POC for

the daily FDOC and FPOC calculation. Within the seven

sampling trips when DIC was sampled at all locations

in 2013, water near the tower had the highest DIC

(11.3 mg C l�1, P = 0.006) (Fig. 4a), suggesting that

high respiration/decomposition occurred within the

marsh. On the other hand, we found no significant DIC

difference between the inlets (9.8 mg C l�1) and outlet

(10.1 mg C l�1).

Our calculated FDOC, FPOC, and FDIC showed a puls-

ing inflow/outflow pattern largely driven by the

intermittent Qin and Qout (Figs 2c, d, and 4b). The

majority of FDOC, FPOC, and FDIC at the inflows were

low, with persistent base flows ranged from 0 to �2,

from 0 to �0.2, and from 0 to �0.2 g C m�2 day�1,

respectively. Because Qin and Qout had much greater

temporal variations than DOC and POC, the peak

FDOC, FPOC, and FDIC were dominantly driven by the

intermittent peak water flows. The peak FDOC, FPOC,

and FDIC occurred quickly following intense rainfall

events and reached up to �6, �0.6, and �0.6 g

C m�2 day�1, respectively. These intense but intermit-

tent events significantly influenced the short-term car-

bon budget. For example, FDOC and FPOC increased

drastically 1–2 days after the intense rainfalls on 6–8
September in 2011 and peaked on 7 September

(Figs 2c and 2d). From 6 to 10 September, the cumula-

tive FDOC and FPOC at the inlets were �14.9 and

�1.5 g C m�2, respectively. There was no outflow

during the period because the outflow gate was

closed. The cumulative GEP and ER were �20.0 and

17.4 g C m�2 during the same period and led to a

slight sink of FCO2 (�2.6 � 1.5 g C m�2). Conse-

quently, FDOC became the largest carbon inflow in this

short period. It should also be noted that FDOC and

FPOC at the inlets turned positive (i.e., reversed flow)

in the late summer period in 2012 (Fig. 2c and d). In

total, the reversed flows exported ~13.3 and ~1.5 g

C m�2 of DOC and POC back to the upstream ditches

from 9 August to 19 November. As we found that

DIC was not significantly different between the inlets

(a) (b) (c)

(d) (e) (f)

Fig. 3 Time series of the (a–c) dissolved organic carbon (DOC) and (d–f) particulate organic carbon (POC) at the inlets (closed trian-

gles), near the tower (grey squares), and at the outlet (reversed open triangles). Vertical segments indicate the uncertainty intervals

incorporating the sample variation and analytical errors.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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and outlet, the seasonality of FDIC was largely driven

by the dynamics of Qin and Qout (Fig. 4b).

Sediment and organic carbon deposition rate

The marsh sequestered ~4556 � 29 (�SD) g C m�2 of

organic carbon in the sediments since ~1966, within

which ~33% (~1517 g C m�2) accumulated after 1998.

The long-term (1966–2013) average sediment and

organic carbon deposition rates were 983.0 �
84.0 g m�2 yr�1 and 96.9 � 10.3 g C m�2 yr�1 (Fig. 5),

respectively. Organic carbon deposition rate in the last

16-year (1998–2013) was ~94.8 g C m�2 yr�1, which

was compatible with the 48-year average. We found

that 137Cs activities increased significantly from

0.000 � 0.002 (�SD) Bq g�1 at the depths of 22–24 cm

to 0.009 � 0.004 Bq g�1 at the depths of 20–22 cm. The

onset of 137Cs activities occurred at the depth of ~22 cm

in the sediments (Fig. 5).

Carbon budget

Both FCO2 and FCH4 were significant in the atmospheric

carbon budget of the marsh (Fig. 6 and Table 1). On

an annual basis, GEP and ER largely compensated

each other and led to a CO2 sink in 2011

(�78.8 � 33.6 g C m�2 yr�1), near CO2 neutral in 2012

(29.7 � 37.2 g C m�2 yr�1), and a CO2 source in 2013

(92.9 � 28.0 g C m�2 yr�1). On the other hand, FCH4

was consistent and evident in all of the study years

(43.4–57.0 g C m�2 yr�1). The high FCH4 offset 55% of

the carbon uptake via FCO2 in 2011 and led to a slight

atmospheric carbon uptake of �35.4 � 33.7 g

C m�2 yr�1 in 2011. In 2012 and 2013, the sum of ER

and FCH4 surprisingly exceeded the CO2 uptake via

GEP and both FCO2 and FCH4 contributed to the atmo-

spheric carbon loss (86.3 � 37.2 and 145.0 � 28.0 g

C m�2 yr�1).

Both FPOC and FDOC varied considerably within the

3-year study period (Fig. 6 and Table 1). We found

order-of-magnitude interannual differences in the

hydrologic carbon fluxes, which were much larger than

those in FCO2 and FCH4. Overall, FDOC accounted for the

(a)

(b)

Fig. 4 Time series of the (a) dissolved inorganic carbon concen-

tration (DIC) and (b) daily DIC fluxes (FDIC) in 2013. DIC were

measured at the inlets (closed triangles), near the tower (grey

squares), and at the outlet (reversed open triangles). Vertical

segments in Fig. 4a indicate the uncertainty intervals incorpo-

rating the sample variation and analytical errors. Grey and

black bars in Fig. 4b indicate the daily FDIC at the inlets and out-

let, respectively. Solid, grey, and dashed lines in Fig. 4b indicate

the cumulative FDIC starting from 23 February in total, at the

inlets, and at the outlet, respectively. Negative FDIC indicates a

net flux into the marsh.

Fig. 5 Profile of the organic carbon content (grey bars) and
137Cs activity (closed circles) for the sediment core. Horizontal

solid and dashed segments indicate the uncertainty levels

(�SD) of the organic carbon content and 137Cs activity, respec-

tively. The onset of 137Cs activity (~0.005 Bq g�1) corresponds to

1966 � 2 (�SD) (dash-dotted line).
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majority of the hydrologic carbon fluxes while FPOC

and FDIC were equivalent to 8–11% of FDOC. Substantial

hydrologic carbon (DOC + POC) fluxes occurred at

both the inlets (�146.0 and �145.3 g C m�2 yr�1) and

the outlet (115.7 and 128.2 g C m�2 yr�1) in 2011 and

2013, respectively. On an annual basis, these 2 years

had hydrologic carbon inflows equivalent to 16–20% of

the carbon uptake via GEP. Yet, 79–88% of the imported

carbon was exported to the downstream ditches within

the same year. In total, the net hydrologic carbon

import was 30.3 � 19.1 g C m�2 in 2011 and became

insignificant (18.9 � 32.4 g C m�2) in 2013. Not sur-

prisingly, FDOC and FPOC decreased at both the inlets

(�30.3 and �3.3 g C m�2 yr�1) and the outlet (13.6 and

1.0 g C m�2 yr�1) in the warm and dry year of 2012.

The decline of FDOC and FPOC was mainly caused by

the reduced Qin and Qout. In addition, the reversed

Qin in the late summer exported ~14.8 g C m�2 back to

the upstream ditches and offset ~31% of the DOC and

POC imports in the precedent period. Consequently,

the net hydrologic carbon import was ~37% lower in

2012 than that in 2011. FDIC at the inlets and the outlet

generally compensated each other and, in total, contrib-

uted only 1.9 g C m�2 to the annual carbon budget in

2013.

The 3-year carbon budget (FCO2, FCH4, FDOC, and

FPOC) revealed that the marsh was a slight carbon

source of 42.7 � 23.4 g C m�2 yr�1 (Fig. 6a), which

was inconsistent with the long-term carbon accumula-

tion trend in the sediments (96.9 � 10.3 g C m�2 yr�1).

On average, the marsh sequestered 863.6 � 11.8 g

C m�2 yr�1 via GEP. The atmospheric carbon loss from

ER and FCH4 was equivalent to 102% and 7% of GEP,

respectively. The hydrologic carbon (DOC + POC)

(a) (b)

(c) (d)

Fig. 6 (a) Three-year average carbon budget and the annual carbon budget in (b) 2011, (c) 2012, and (d) 2013, including the gross eco-

system production (GEP), ecosystem respiration (ER), net ecosystem CH4 exchanges (FCH4), dissolved organic carbon flux (FDOC), par-

ticulate organic carbon flux (FPOC), and dissolved inorganic carbon flux (FDIC). The values of net uptake/loss indicated the net

ecosystem carbon balance of GEP, ER, FCH4, FDOC, FPOC, and FDIC (only in 2013). All fluxes are presented with absolute values (g

C m�2 yr�1, �95% uncertainty intervals) while the arrows indicate the flux direction. Values in the parentheses show the relative mag-

nitude (%) of each flux normalized with the GEP in the same year. The grey dashed arrow in Fig. 6a showed the long-term (1966–2013)

carbon burial rate in the sediment.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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inflows and outflows were equivalent to 16% and 12%

of GEP, respectively. Within the 3 years, the marsh

turned from a carbon sink (�65.7 � 38.7 g C m�2) in

2011 to a carbon source in 2012 and 2013 (67.7 � 40.0

and 126.1 � 42.8 g C m�2) (Figs 6b–d and Table 1).

The marsh accumulated ~30.3 � 19.1 g C m�2 via DOC

and POC in 2011 and the imported carbon was equiva-

lent to 38% of the net carbon uptake by FCO2. In 2012

and 2013, the hydrologic carbon fluxes compensated

22% and 13% of the total atmospheric carbon loss via

both FCO2 and FCH4.

Discussion

Carbon budget at freshwater marshes

Our findings highlight the importance of examining

wetland carbon budgets in the context of a terrestrial-

aquatic continuum. Most importantly, lateral hydro-

logic carbon fluxes should be carefully addressed in

wetlands characterized with a flow-through hydro-

logic regime (Yan et al., 2010; Waletzko & Mitsch,

2013). To date, the importance of lateral hydrologic

carbon processes has been addressed mostly in lake

studies (Table S6), highlighting that lake carbon bal-

ance is largely driven by allochthonous carbon imports

via lateral hydrologic fluxes (Dillon & Molot, 1997;

Stets et al., 2009; Einola et al., 2011). Allochthonous car-

bon imports often resulted in respiration exceeding

lake primary production and dissolved CO2 supersat-

uration in lake water (Cole et al., 1994; Jansson et al.,

2000; Duarte & Prairie, 2005; Tranvik et al., 2009).

Thus, most lakes were reported to be net heterotrophic

acting as net CO2 sources to the atmosphere (Duarte &

Prairie, 2005; Sobek et al., 2005). On the other hand,

only a few studies have addressed the full carbon bal-

ance of wetlands, with most of them conducted at

temperate and boreal peatlands (Table S6). These pio-

neering studies revealed the significance of hydrologic

flows in leaching carbon out from the peat-rich wet-

lands (e.g., Billett et al., 2004; Roulet et al., 2007; Nils-

son et al., 2008; Dinsmore et al., 2010; Holden et al.,

2012; Juutinen et al., 2013). To the best of our knowl-

edge, our study is the first full carbon balance for a

freshwater marsh, where the vertical gaseous and lat-

eral hydrologic carbon fluxes have been simulta-

neously measured for multiple years. We argue that

hydrologic flows play a different role in carbon cycling

at flow-through wetlands (e.g., freshwater marshes,

riverine wetlands) than in peatlands. We found a large

amount of hydrologic carbon flowing into and out of

the marsh. The net carbon contribution of these fluxes

was determined by the hydrological conditions and

the interplay of different pathways in carbon cycling

(i.e., outgas, deposit, transform, or outflow) (Waletzko

& Mitsch, 2013).

Our study also highlights the need to carefully

express the wetland carbon sequestration rates. Bridg-

ham et al. (2006) addressed the importance of distin-

guishing the allochthonous carbon (i.e., imported from

nearby ecosystems) from the autochthonous carbon

(i.e., the primary production within the wetlands)

while quantifying wetland carbon sequestration rates.

The three-year average hydrologic carbon import

(~23 � 13 g C m�2 yr�1) was compatible with our ear-

lier estimates (8–69 g C m�2 yr�1) from the sedimenta-

tion records (Gottgens & Liptak, 1998; Muller, 2004). At

a regional scale, the allochthonous carbon represents

merely the redistribution of carbon among ecosystems

(Mccarty & Ritchie, 2002; Bedard-Haughn et al., 2006;

Bridgham et al., 2006). Reporting solely the sediment

deposition rate may lead to overestimation in wetland

carbon sequestration, because there is often an

unknown portion of the deposited carbon that actually

originated from allochthonous sources (Gottgens & Lip-

tak, 1998; Bridgham et al., 2006).

Gross ecosysytem production and ER were the two

largest fluxes in our three-year carbon budget. How-

ever, these two fluxes largely compensated each other

and led to a near-neutral CO2 budget over the 3 years.

Our previous study documented that the Nymphaea-

dominated area contributed a relatively larger portion

of our measured turbulent fluxes than the Typha-domi-

nated area (Chu et al., 2014b). As expected, our net CO2

uptake rate was lower than that reported from a purely

Typha-dominated marsh (�251-515 g C m�2 yr�1)

(Rocha & Goulden, 2008). No report of an annual CO2

budget obtained via the eddy-covariance method at

Nymphaea- or Nuphar-dominated ecosystems was avail-

able. Previous biomass-harvest studies reported that

net primary production ranged from 54–279, 37–175,
and 507–1565 g C m�2 yr�1 for Nymphaea, Nuphar, and

Typha (Allen & Ocevski, 1981; Hejn�y et al., 1981; Twilley

et al., 1985; Kok et al., 1990; Kunii & Aramaki, 1992;

Camargo & Florentino, 2000; Rocha & Goulden, 2009),

respectively. These reports often neglected the contri-

bution of heterotrophic respiration and involved uncer-

tainties in quantifying belowground production

(Larmola et al., 2003). Also, the carbon loss during the

nongrowing season (119–145 g C m�2 in our case) was

often ignored (Aurela et al., 2002; Lafleur et al., 2003).

All these issues made a direct comparison of these

reports to our annual FCO2 questionable. If we assumed

that 40–60% of our growing-season ER originated from

heterotrophic respiration, we estimated the net primary

production {i.e., |GEP|�[100%� (40–60%)] 9 |ER|}
would be around 411–559 g C m�2, still within the rea-

sonable range compared with previous reports. It

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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should be noted that the climate anomaly especially in

2012 and 2013 also affected GEP and ER and led to a

lowered CO2 uptake rate (to be discussed in the last

section). The nearly imbalanced annual CO2 budget

(i.e., |ER|>|GEP|) suggested an unmistakable amount

of sediment/litter carbon and/or laterally imported

carbon that was respired and outgassed as CO2.

We showed the importance of FCH4 in freshwater

marsh carbon budgets, where the carbon loss via CH4

emission may not be compensated by net CO2 uptake.

To date, only a relatively small portion of studies has

adequately quantified the annual FCH4 at freshwater

marshes (Bridgham et al., 2006; Chu et al., 2014b). We

concurred that freshwater marshes, characterized by

long-lasting inundation and plant-modulated gas flow,

deserve more attention due to their efficiency in turning

over and releasing newly fixed carbon as CH4 to the

atmosphere (Tornberg et al., 1994; Grosse, 1996; Kim

et al., 1999; Chu et al., 2014b). Our results showed that,

even at a relatively shorter (multiyear) scale, FCH4 may

offset a large part of the carbon uptake via FCO2 on a

carbon balance basis. For a less productive year, both

FCO2 and FCH4 may contribute significantly to atmo-

spheric carbon loss.

Uncertainties and challenges in closing the marsh carbon
budgets

Exploration of adequate research infrastructure to con-

tinuously measure the hydrologic carbon fluxes is

urgently needed to better constrain the uncertainties of

hydrologic fluxes. Most published studies estimated

discharge via site-specific flow rating curves (i.e., dis-

charge vs. water level) (e.g., Billett et al., 2004; Roulet

et al., 2007; Dinsmore et al., 2010), but we found that

such an approach failed at our site because of its small

hydraulic gradient from the upstream ditches to the

marsh and from the marsh to the downstream outlet.

Thus, even slight changes in water levels may lead to a

varied flow regime. In addition, management of the

outflow gate changed the hydraulic gradient, causing

water flow reversals during certain dry periods (e.g.,

late summer in 2012) and making it difficult to apply

the rating-curve method at our site. Instead, we found

that the water budget approach was generally capable

of capturing the major flow events and provided an

alternative approach in estimating lateral hydrologic

flows. However, caution should be exercised especially

in estimating and constraining the uncertainties of

water flows. Since all terms in the water budget (e.g.,

PP, ET, and WT) have quite different sources and mag-

nitudes of uncertainties that, in turn, propagate when

solving the water budget, the outcome may include a

relatively large uncertainty in the calculated water

flows. On average, PP, ET, and WT had uncertainties

around ~8–12% in the daily fluxes, which propagated

to ~25–27% in the daily Qin and Qout. While integrating

to annual sums, the uncertainties averaged out and led

to ~2–6% of uncertainties in the annual PP, ET, and

WT. These uncertainties propagated to ~20–21% in the

annual Qin and Qout. It should be noted that the uncer-

tainty calculation of ET included only the random

errors and uncertainties associated with the gap-filling

procedures and the sensitivity of friction velocity

threshold. The potential systematic uncertainties, such

as the lack of energy balance closure, were not included

and will be discussed in the following section.

Our energy budgets revealed that the turbulent

fluxes, especially energy fluxes, may be underestimated

in the study. The magnitude of underestimation, how-

ever, was difficult to quantify. To date, only a few stud-

ies reported the long-term (annual to interannual)

energy budgets in wetlands and small lakes (Goulden

et al., 2007; Nordbo et al., 2011; Stoy et al., 2013). As

water has a large heat storage capacity, challenges arise

when attempting to quantify the heat storage changes

of standing water and/or the lateral heat advection car-

ried by water flows in these aquatic ecosystems (Burba

et al., 1999b; Lafleur, 2008; Leuning et al., 2012). Spatial

heterogeneity of vegetation types, microtopography,

and water levels in wetlands may pose additional

uncertainties in closing the energy budget because

different energy fluxes/storages are often measured

with mismatched source areas (Burba et al., 1999a;

Shoemaker et al., 2005; Lafleur, 2008). Most impor-

tantly, landscape-scale surface heterogeneity, which

prevailed at a much larger spatial scale than the typical

footprints of tower-based flux measurements, may

introduce mesoscale circulations that contribute to the

energy balance of local tower sites (Foken, 2008; Foken

et al., 2011; Stoy et al., 2013). These mesoscale circula-

tions, however, cannot be observed by single-tower

eddy covariance measurements. With our marsh

located in a coastal area adjacent to an extensive agri-

cultural landscape and a large lake, sizeable mesoscale

circulations are likely to occur and thus contribute to

the imbalanced energy budget as observed. We did not

correct the turbulent fluxes with the ratios of energy

imbalance because, as stated earlier, different mass and

energy fluxes may be influenced unequally by the

mesoscale circulations and the correction may intro-

duce additional unknown uncertainties (Baldocchi,

2008). Nonetheless, as ET was likely underestimated

(not overestimated) in our case, our Qin and thus

hydrologic carbon inflow may be treated as a conserva-

tive estimate. If we assumed arbitrarily a 10% or 30%

underestimation in ET, the hydrologic carbon inflows

(DOC + POC) would increase ~5 or ~16 g C m�2 yr�1.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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More attention is needed to explore and test afford-

able monitoring systems for in situ hydrologic carbon

content measurements (e.g., DOC). While we have care-

fully examined and estimated different sources of

uncertainties (e.g., analytical, instrumental, methodo-

logical) of hydrologic carbon fluxes, unaccounted (or

unknown) uncertainties remained that cannot be

assessed based on our current design. This included the

temporal dynamics in water carbon contents. Similar to

several previous studies (Hope et al., 1997; Billett et al.,

2004; Dawson et al., 2004; Holden et al., 2012), we found

no clear relation between carbon content and discharge.

The uncertainties associated with the interpolation of

carbon concentrations among sampling trips (i.e., unac-

counted temporal variability) were difficult to constrain

while calculating the annual integrals of hydrologic car-

bon fluxes. The two approaches we adopted in integrat-

ing annual hydrologic carbon fluxes showed minor

deviations in the annual FDOC (0.6–1.9 g C m�2 yr�1)

and FPOC (0.0–0.1 g C m�2 yr�1) at the inlets. In con-

trast, there were 1.6–22.1 (FDOC) and 0.1–3.4 (FPOC) g

C m�2 yr�1 differences in annual flux integrals at the

outlet. The relatively larger discrepancy in the outlet

fluxes revealed the consequence of outflows being sam-

pled less frequently than inflows. To test the sensitivity

of DOC/POC interpolation on FDOC and FPOC calcula-

tions, we used the Monte Carlo simulations (N = 1000)

to draw random values of DOC and POC based on the

means and standard deviations of our samples (Table

S5). The randomly generated DOC and POC values

were then adopted to calculate FDOC and FPOC for those

nonsampling days. We found that most (80–94%) of the

simulations generated annual FDOC and FPOC that fell

within our reported uncertainty levels in FDOC and

FPOC. A few studies reported random errors associated

with sampling frequency as ~5% and ~15% for DOC

that was sampled every 20 days (Littlewood, 1995) and

every month (Worrall & Burt, 2007), respectively. Con-

sidering the sampling-frequency errors, our uncertainty

levels of FDOC may increase ~0.3–3.4 g C m�2 yr�1. For

suspended organic materials (e.g., POC), it was

reported that 14- and 21-day sampling intervals may

lead to ~18% and ~29% of underestimation (Webb et al.,

1997). This means that the net POC imports may

increase slightly (~0.1–0.6 g C m�2 yr�1) compared to

our current estimates. Based on these estimates, the

sampling frequency should pose minor influence on

the interpretation of our marsh carbon budget.

The discrepancy between the three-year carbon

budget (FCO2, FCH4, FDOC, and FPOC) and the long-term

carbon accumulation rate in the sediments revealed

the uncertainties and challenges in closing the marsh

carbon budget. First, there are knowledge gaps in

adequately quantifying the short-term carbon accumu-

lation rates in the sediments (e.g., months to years). The

paleoecological approach (i.e., sedimentary isotope

profiles) has a temporal resolution of years to decades

in these shallow wetlands (Gottgens et al., 1999). Multi-

ple-year dynamics (e.g., 2012–2013 in our case) of the

carbon balance may not be discriminated by long-term

sediment records. Considering the large inherent vari-

ability in carbon cycling at wetlands (e.g., Griffis &

Rouse, 2001; Lafleur et al., 2003; Rocha & Goulden,

2008; Sulman et al., 2010), a much longer observation

period is required to construct the carbon balance that

is comparable with the long-term average sediment

burial rate (e.g., ~20 years at a northern peatland;

Roulet et al., 2007). Imbalanced annual carbon budgets

(i.e., exports > imports) were sometimes observed as a

consequence of the large interannual variability in FCO2

and the depletion of stored carbon (e.g., sediment car-

bon, standing litter) (Billett et al., 2004; Roulet et al.,

2007; Rocha & Goulden, 2008). The carbon burial rate

(96.9 g C m�2 yr�1, 1966–2013) was generally compati-

ble with our previous reports (118–156 g C m�2 yr�1,

1978–1997) (Gottgens & Liptak, 1998; Spongberg et al.,

2004). Yet, interpreting carbon burial rates from radio-

activity dating at such a short-term and local scale

should be done with caution (Clymo et al., 1998). 137Cs

dating, as widely adopted in quantifying recent

(30–50 years) carbon sequestration in wetlands, may

overestimate the long-term (century to millennia) aver-

age carbon accumulation rates (Craft & Richardson,

1998; Turunen et al., 2004). Also, while most studies in

freshwater marshes assume a constant sediment/car-

bon accumulation rate over time (e.g., Reddy et al.,

1993; Craft & Casey, 2000; Craft, 2007; Bernal & Mitsch,

2012), Clymo et al. (1998) argued that the selection of

different carbon accumulation models (e.g., linear or

quadratic) may have a large effect on the estimation

and interpretation of the carbon accumulation rates. In

sum, the mismatch of temporal resolution poses diffi-

culties in comparing the multiple-year carbon balance

with decadal-to-centurial carbon burial rates (Roulet

et al., 2007; Juutinen et al., 2013).

Second, all of our measured carbon fluxes have dif-

ferent source areas. Our measured gas exchanges (FCO2

and FCH4) originated mainly from the 0–250 m fetch

near the tower (~15–20 ha), within which floating-

leaved vegetation area contributed to the majority of

measured turbulent fluxes (Chu et al., 2014b). On the

other hand, the hydrologic flows have source areas that

may extend to the entire marsh basin (~129 ha) consist-

ing of both emergent and floating-leaved vegetation.

The source areas for sediment cores are difficult to

define and estimate. Sediment cores are usually taken

at locations with lower elevation and deeper water.

These locations may be subject to sediment focusing.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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Thus, our measured sedimentation rates may be higher

than the average of the whole marsh (Johnston et al.,

2001; Bridgham et al., 2006). In summary, while multi-

ple approaches are needed in quantifying the compre-

hensive marsh carbon budget, challenges remain in

integrating their results into a spatially and temporally

comparable framework.

Third, some carbon fluxes and/or storage changes

were unaccounted and not quantified in our budgets.

Change in carbon storages (e.g., sediment, below-

ground biomass, standing litter (e.g., Typha), and car-

bon within the water column) may explain a

considerable portion of the carbon imbalance in our

three-year study. We estimated that ~23 kg C m�2 was

stored in the sediments, belowground biomass, and

water column at the marsh. A slight change in the car-

bon pool (e.g., 0.1%) would produce a significant

change (e.g., ~23 g C m�2) in the carbon budget. More-

over, hydrologic carbon fluxes during the winter may

occur when the surface water was not completely fro-

zen. On the basis of the difference in surface water lev-

els between the start and the end of the ice-covered

season (only available for December 2011–Febuarary
2012 and December 2012–Febuarary 2013), we esti-

mated that the marsh received ~100–150 mm of water

inflow throughout the winter. Adopting the mean

hydrologic carbon concentrations from the last sam-

pling trip before and the first sampling trip after the

ice-cover periods, the unaccounted winter inflows may

import ~10 g C m�2 (DOC + POC) to the marsh. Addi-

tional DOC and DIC imports via wet deposition were

believed to be negligible, with reported values of 0.84–
3.21 and 0.15 g C m�2 yr�1 (Dillon & Molot, 1997;

Sobek et al., 2006; Stets et al., 2009), respectively.

Implications of hydrologic carbon fluxes

The importance of hydrologic carbon fluxes should also

be viewed in the context of a terrestrial-aquatic land-

scape. We showed that a significant amount of carbon

[43–189 Mg C yr�1 (DOC + POC)] was transported

from agricultural runoff into the marsh. On average,

the carbon inflow was equivalent to a net loss of ~53 g

C m�2 yr�1 from the upstream watershed, which was

equivalent to ~35% and ~33% of the annual CO2 uptake

at conventional soybean and corn croplands in produc-

tive years (Zenone et al., 2013; Chu et al., 2014b).

Despite the large variability among years and crop

types, our reported hydrologic carbon inflows sug-

gested an evident and unaccounted amount of carbon

that is eroded from the croplands and flows into the

downstream wetlands.

We measured 19–165 Mg C yr�1 (DOC + POC) flow-

ing out of the marsh into Lake Erie. On average, the

carbon outflow was equivalent to a watershed-area-

specific carbon export rate of ~29 g C m�2 yr�1. To the

best of our knowledge, the hydrologic carbon imports

through river transport have not been well quantified

in the Lake Erie basin. Based on the empirical equation

in Schlesinger & Melack (1981), the annual carbon

export from the nearby Sandusky River was estimated

to be ~15 Pg C yr�1, which was equivalent to a

watershed area specific carbon export rate of ~4 g

C m�2 yr�1. Bouchard (2007) addressed the implica-

tions of carbon outflows from wetlands for supple-

menting the carbon cycling in Lake Erie. These results

were consistent with recent syntheses, such as Tranvik

et al. (2009), which demonstrated that inland lakes and

reservoirs may serve as important regulators in regio-

nal and global carbon cycling through large amounts of

CO2/CH4 emission and sediment deposition. To date,

carbon cycling and the full carbon budgets in large

lakes (e.g., Lake Erie) are still understudied (Benning-

ton et al., 2012). Further research, especially on CO2/

CH4 outgassing and river carbon transport, is needed

to quantify a comprehensive regional carbon budget.

Responses to climate variability and anomaly

Different carbon fluxes respond unequally to climate

anomalies and interannual climatic variability and con-

sequently, the marsh carbon budget may vary greatly

among years. Further research should pay attention to

the interplay of different carbon processes at wetlands

in response to climate extremes. Despite the uncertain-

ties in future greenhouse gas emission trajectories and

climate change projection models, most projections

show that annual and seasonal temperatures in the

Great Lake region could increase significantly in the

21st century (e.g., Wuebbles & Hayhoe, 2004; Hayhoe

et al., 2010; Winkler et al., 2012). Wuebbles & Hayhoe

(2004) projected that the annual average daily maxi-

mum temperature could increase 3–6 °C relative to the

1961–1990 average by the end of the 21st century. They

reported that the temperature increase would be espe-

cially severe in summer (3–8 °C). We found that

annual ER and FCH4 were 18% and 31% higher in the

extremely warm 2012 than in 2011. While the higher

ER can be mostly attributed to higher air temperature,

the higher FCH4 resulted from both the higher soil tem-

perature and higher RFCH4 (i.e., base FCH4). Gross eco-

system production, on the other hand, increased only

slightly (~5%) in the warm 2012. Consequently, FCO2

and FCH4 combined released ~122 g C m�2 more car-

bon to the atmosphere in 2012 than in 2011. This sug-

gests that warmer climate influences the marsh carbon

cycling and budget mainly through enhancing ER and

FCH4. The underlying mechanisms that govern the in-

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12760
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terannual variability of base FCH4 need more attention.

Substrate quality associated with primary production

most likely explains the interannual variability of

RFCH4 (Herbst et al., 2011; Chu et al., 2014b). Further

research, such as manipulated microcosm experiments,

should examine how sensitive the base FCH4 is to war-

mer climate conditions.

To our surprise, the cool anomaly in the 2013 summer

had a great impact on the marsh carbon cycling and

turned the marsh into a significant CO2 source. More

attention should be devoted to evaluate the extent of the

impact of such chilling events during the growing sea-

son. We found that the summer cool spells influenced

the marsh carbon cycling mainly through reducing the

maximal CO2 uptake rate (i.e., Pmax) and thus GEP. In

sum, the annual GEP in 2013 was 20–24% lower than

that in 2011–2012. ER, on the other hand, decreased rela-

tively slightly (1–16%) and, consequently, the marsh

became a significant CO2 source (92.9 g C m�2 yr�1) in

2013. Again, the disproportional responses of ER and

GEP to temperature anomalies deserve more attention

because even a small change in these two large carbon

fluxes may translate to considerable changes in magni-

tude and direction of FCO2. Interestingly, we also found

that the base FCH4 (i.e., RFCH4) decreased significantly

after the summer cool spells. The near simultaneous

decrease in Pmax and RFCH4 supported our earlier propo-

sition that GEP and FCH4 were highly linked in these

long-lasting inundated freshwater marshes (Chu et al.,

2014b). Most importantly, both GEP and FCH4 were sen-

sitive to the cool anomaly and responded greatly to the

chilling events in the growing season.

Overall, the interannual variability in PP had a signif-

icant influence on the lateral hydrologic carbon fluxes

and thus the carbon budgets. Compared with tempera-

ture, there is even larger uncertainty and discrepancy

in projecting PP in the coming decades (Wuebbles &

Hayhoe, 2004; Hayhoe et al., 2010; Winkler et al., 2012).

While models remain inconsistent about the projected

PP in summer and fall, the winter and spring PP is

likely to increase by as much as 20–30% in the Great

Lake region in the 21st century (Wuebbles & Hayhoe,

2004; Hayhoe et al., 2010). The contrasting PP in 2011

and 2012 (~574 mm difference) provided a valuable

opportunity to examine the response of the marsh

carbon cycling and budget. We found an order-of-

magnitude difference in both the hydrologic carbon

inflows and outflows between the wet and dry years.

Such a drastic effect of interannual/seasonal variability

in precipitation on carbon budgets was also reported in

previous studies, where the systems were characterized

by a flow-through hydrologic regime (e.g., Einola et al.,

2011; Ojala et al., 2011; Waletzko & Mitsch, 2013). The

net carbon contribution of these hydrologic fluxes was

then determined as the residual of the two large and

opposite fluxes (inflow and outflow).

The strong linkage between the functions of wetlands

as carbon sinks or sources and climate, upstream run-

off, and downstream outflow suggests large variability

in the carbon budgets of freshwater marshes. Both

human activities, such as land use change upstream

and wetland flow regulations, and climate change in

the region are likely to alter the carbon cycling and thus

the carbon budgets of the remaining wetlands.
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