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Abstract 22 

 Wetlands cycle carbon by being net sinks for carbon dioxide (CO2) and net sources of 23 

methane (CH4). Daily and seasonal temporal patterns, dissolved oxygen (DO) availability, 24 

inundation status (flooded or dry/partially flooded), water depth, and vegetation can affect the 25 

magnitude of carbon uptake or emissions, but the extent and interactive effects of these variables 26 

on carbon gas fluxes are poorly understood. We characterized the linkages between carbon 27 

fluxes and these environmental and temporal drivers at the Old Woman Creek National Estuarine 28 

Research Reserve (OWC), OH. We measured diurnal gas flux patterns in an upstream side 29 

channel (called the cove) using chamber measurements at six sites (three vegetated and three 30 

non-vegetated). We sampled hourly from 7 AM to 7 PM and monthly from July to October 2022. 31 

DO concentrations and water levels were measured monthly. Water inundation status had the 32 

most influential effect on carbon fluxes with flooded conditions supporting higher CH4 fluxes 33 

(0.39 µmol CH4 m-2 s-1; -1.23 µmol CO2 m-2 s-1) and drier conditions supporting higher CO2 34 

fluxes (0.03 µmol CH4 m-2 s-1; 0.86 µmol CO2 m-2 s-1). When flooded, the wetland was a net 35 

CO2 sink; however, it became a source for both CH4 and CO2 when water levels were low. We 36 

compared chamber-based gas fluxes from the cove in flooded (July) and dry (August) months to 37 

fluxes measured with an eddy covariance tower whose footprint covers flooded portions of the 38 

wetland. The diurnal pattern of carbon fluxes at the tower did not vary with changing water 39 

levels but remained a CO2 sink and a CH4 source even when the cove where we performed the 40 

chamber measurements dried out. These results emphasize the role of inundation status on 41 

wetland carbon cycling and highlight the importance of fluctuating hydrologic patterns, 42 

especially hydrologic drawdowns, under changing climatic conditions. 43 

 44 
 45 
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1. Introduction 46 

Carbon dioxide (CO2) and methane (CH4) are potent greenhouse gases whose 47 

concentrations are increasing in the atmosphere, contributing to climate change1. Natural 48 

wetlands are the largest natural source of atmospheric CH4, contributing 30% of the total global 49 

emissions2, although they only make up 5-8% of land on Earth (7 million km2) 3,4. Conversely, 50 

wetlands take in large quantities of CO2, much of which is converted into biomass that ends up 51 

stored in wetland sediments, to the extent that 20-30% of global soil organic carbon resides in 52 

wetlands5. Given this dichotomous functioning, wetlands are often considered both atmospheric 53 

carbon sinks and net positive warming sources due to these greenhouse gases6. While the 54 

directionality of wetland greenhouse gas fluxes is generally understood, the timing and 55 

environmental conditions that affect the variability of CO2 and CH4 fluxes are still uncertain. 56 

Wetland carbon cycling processes include the uptake and release of carbon by plants, soil 57 

microbial biogeochemical processing, and fluid dynamic transport. A large fraction of wetland 58 

carbon uptake occurs via photosynthesis4, and a portion of this carbon is introduced to the soil 59 

through detritus accumulation in the sediments and via rhizodeposition7, constituting a relevant 60 

energy source to aerobic and anaerobic microbial metabolic processes, including respiration and 61 

methanogenesis8. In the presence of oxygen (if available in the sediments), soil carbon can then 62 

be mineralized and emitted back to the atmosphere through autotrophic or heterotrophic 63 

respiratory metabolic processes9,10, and CH4 can be consumed via methanotrophy11. If oxygen is 64 

not available, CH4 can be formed via methanogenesis, after which it is emitted to the atmosphere 65 

through diffusive concentration gradients in the sediments and water column12,13, plant transport 66 

through aerenchyma and xylem14,15, and ebullition from sediments16. 67 
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Diurnal and seasonal CO2 and CH4 flux patterns covary with and are driven by 68 

environmental conditions6,17. Temperature and its effects on respiration rates are associated with 69 

gas production and fluxes12,17–20. Similarly, wetland vegetation experiences regular seasonal 70 

cycles (phenology) of growth and senescence, and diurnal dynamics of physiological processes 71 

(photosynthesis only occurs with light) control the overall uptake and emission of carbon by 72 

plants21. As such, CO2 fluxes are often higher during the afternoon and when plants are at their 73 

peak growth, before senescence begins22. Likewise, CH4 flux patterns vary diurnally, often 74 

increasing with daytime temperatures and decreasing at night when temperatures are cooler; 75 

however, interactive effects with water availability make these trends less certain as drier 76 

conditions may also increase CH4 fluxes as night 23.  77 

Wetland water levels are an additional environmental driver of CO2 and CH4 flux 78 

variability but, in most non-tidal sites, they do not covary in predictable ways with diurnal 79 

cycles24. In permanently flooded wetlands, the water elevation, which defines the depth of 80 

standing water over wetland soil, affects the rate and direction of carbon emissions. Specifically, 81 

there is a higher reduction potential in soil when the water level is high and more oxidizing 82 

conditions when the water level is low25. Since the rate of oxygen diffusion in water is slower 83 

than air26, a lower water level decreases both the conductance length and time necessary for gas 84 

transport between the atmosphere and soil. This allows for more rapid oxygen diffusion into the 85 

sediments which facilitates aerobic respiration that leads to the oxidization of dissolved organic 86 

carbon and CH4 to CO227. Under low water levels, the magnitude of CO2 emissions tends to be 87 

higher and CH4 emissions lower18,28. As water levels rise, CH4 flux rates may increase23. Because 88 

wetlands may have varying water levels over the season, they may subsequently alter between 89 



5 
 

 
 

being sinks and sources of carbon. Wetlands that transition between wet and dry states have been 90 

shown to have greater CH4 fluxes compared to those that are permanently flooded29. 91 

 At seasonal to interannual time scales, water levels influence vegetation, and the presence 92 

or absence of vegetation alters belowground carbon and oxygen inputs as well as transport rates 93 

of CH4 from the soil to the atmosphere. Wetlands support spatially heterogeneous vegetation 94 

communities as dominant plant taxa may vary with water depths, and different species adapt to 95 

different surface water elevations or water table depths18. Vegetated areas tend to uptake more 96 

CO2 during photosynthesis and subsequent rhizodeposition7,9,10,15 but emit more CH4 due to 97 

aerenchyma transport and root carbon supply. However, the ability of plants to transport carbon 98 

is also largely affected by water availability30. Thus, it is essential to characterize and quantify 99 

the effects that water depth and vegetation presence have on wetland carbon fluxes. Because 100 

wetland fluxes are highly heterogenous across space and time, in large part due to the 101 

spatiotemporal heterogeneity of water levels and vegetation presence, wetland carbon fluxes are 102 

challenging to observe and predict.  103 

In this study, we sought to address this knowledge gap by determining how water levels, 104 

wetland inundation status, and the presence of vegetation affect wetland carbon cycling. We used 105 

in situ chamber observations of daily and seasonal CO2 and CH4 fluxes in a temperate freshwater 106 

marsh at locations with vegetated and non-vegetated surface coverage and during times with 107 

contrasting water levels and flooded or dry/partially flooded soils. We supplemented our 108 

chamber-based measurements with nearby continuous observations of wetland meteorological 109 

and hydrologic conditions to determine the environmental controls on those fluxes. We predicted 110 

that increasing water depths and vegetation presence will increase CH4 fluxes. Conversely, we 111 
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predicted that decreasing water depths will increase CO2 emissions while vegetation presence 112 

will increase CO2 uptake. 113 

2. Methods 114 

2.1 Site location 115 

Old Woman Creek (OWC) National Estuarine Research Reserve (NERR) is a freshwater, 116 

estuarine marsh located along the southwest coast of Lake Erie in Huron, OH (Figure 1A; 117 

41°22'39.0"N 82°30'30.5"W). The marsh is intermittently separated from Lake Erie by a narrow, 118 

sandy barrier beach that periodically erodes, forming a hydrological connection with the lake 119 

until the barrier reforms (Figure 1A). The surface of the marsh is dominated by floating leaf 120 

vegetation (i.e., Nelumbo lutea [yellow lotus] and Nymphaea odorata [water lily]), interspaced 121 

by open water (but see Ju and Bohrer31 for a longer-term view of the vegetation cover 122 

composition in the site). An eddy covariance tower is positioned near the center of the northern 123 

basin of the wetland (Figure 1A). Much of the work carried out for this study took place in a 124 

cove formed at the spill of a tributary creek (Figure 1A-B). In 2022 when the study was 125 

conducted, the vegetation in the cove was dominated by Elymus spp. and Lemna spp., with 126 

roughly 60% of the cove being covered by vegetation and 40% being unvegetated. Throughout 127 

the study, fluctuations of water levels caused the cove to experience a period of complete 128 

inundation, followed by drying and minimal rewetting, while the main wetland basin remained 129 

inundated throughout. 130 

 131 

2.2 Data collection 132 

2.2.1 Chamber flux measurement methodology 133 
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CO2 and CH4 fluxes were measured monthly from July to October across six sites: three 134 

vegetated areas and three non-vegetated areas (Figure 1B). Sites were chosen based on 135 

vegetation presence and vigor as well as boardwalk accessibility so that the sites would remain 136 

as undisturbed as possible for sampling. To measure CO2 and CH4 fluxes, we used a portable gas 137 

analyzer (Gas Scouter G4301, Picarro Inc., Santa Clara, CA) and the non-steady state headspace 138 

chamber approach. The chamber was a clear, acrylic, half dome with a float attached to the 139 

outside for floating on the water surface, and the design formed a closed loop, routing through 140 

the laser. The chamber had inflow and outflow ports connected to the gas analyzer via 1/8 in 141 

inner diameter bev-a-line tubing that recirculates the air. The chamber volume was 0.025 m3, and 142 

the chamber footprint area was 0.164 m2. An infrared digital thermometer was used to measure 143 

chamber temperature at the start and end of each measurement period, and a small electronic fan 144 

was used to circulate gas in the chamber to avoid stratification resulting from surface emissions. 145 

The barometric pressure was recorded using a watch (Casio SGW-300H). Each measurement 146 

was carried out for two minutes, and the two-minute interval began after the chamber was placed 147 

on the water surface and carbon concentrations stabilized. The carbon concentrations were 148 

recorded at a frequency of ~1 Hz. Data were collected hourly from 7 AM to 7 PM for each 149 

monthly measurement campaign. All hours of data collection were in the daylight except 7 AM 150 

and 7 PM in October. 151 

 152 

2.2.2 Chamber flux analysis 153 

We processed the flux chamber measurements by calculating the accumulation or 154 

removal rate of CO2 or CH4 in the headspace of the chamber over each individual measurement 155 

period. Wetland CH4 fluxes are often strongly affected by ebullition16. To account for the effect 156 
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of bubbles in each measurement period we used the approach developed by Villa et al16 157 

(Appendix A). In brief, all 2-minute CH4 concentration measurements were plotted using 158 

MATLAB R2020b (MathWorks, Natick, MA) and visually assessed. Measurements qualitatively 159 

determined to lack ebullition (i.e., no sudden jumps in concentration between two subsequent 160 

points) were used to calculate a bubble threshold (i.e., the maximum difference in CH4 161 

concentration between two points in the absence of bubbles). Any instantaneous increase in CH4 162 

between two 1 Hz measurement points above this threshold in other chambers was considered a 163 

bubble, and the concentration increase due to this bubble was subtracted from the concentration-164 

time series following the bubble occurrence time. We then fitted the concertation time series 165 

without the bubbles to the Hutchinson-Mosier one-dimensional exponential decay fit16,32 model 166 

to determine the diffusive fluxes for each site (Appendix A). The contribution of ebullition was 167 

calculated by adding all the above-threshold concentration jumps during the 2-minute 168 

observation period and was added to the diffusive flux. The bubble thresholds were 0.59 ppm s-1 169 

in July, 0.078 ppm s-1 in August and September, and 0.05 ppm s-1 in October. We attribute 170 

seasonal differences in the diffusive rate as the reasoning for why the threshold varied by month, 171 

possibly including the effects of temperature and water depth fluctuations. Final fluxes for CO2 172 

and CH4 were averaged hourly across the three replicates in vegetated and non-vegetated sites to 173 

establish estimates for fluxes at a point in time. All flux calculations were performed using 174 

MATLAB R2020b (MathWorks, Natick, MA) using code provided by Villa et al16.  175 

 176 

2.2.3 Environmental driver measurements 177 

Measurements of water elevation were obtained from the NERR database 178 

(http://cdmo.baruch.sc.edu/) at the OWC sampling location on State Route 6 (SR6; 41°22'57.00 179 

http://cdmo.baruch.sc.edu/
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N, 82°30'52.00 W; station ID OWCWMWQ; variable ‘Depth’) (Figure 1A). Because SR6 data 180 

were measured in the main channel of the wetland, we used a ground-elevation offset (i.e., 0.97 181 

m) to relate the SR6 water depth to the depth at the chamber measurement locations in the cove. 182 

Water depth was converted from numerical to categorical (dry/partially flooded or flooded, 183 

Table 1) for statistical analyses.  184 

Dissolved oxygen (DO) concentrations were measured using a Fibox 4 transmitter 185 

(PreSens, Regensburg, Germany), PSt3 oxygen dipping probe fiber optic cable (PreSens, 186 

Regensburg, Germany), and a Pt100 temperature sensor (PreSens, Regensburg, Germany). At 187 

least one DO measurement was taken monthly from July to October at the location of one non-188 

vegetated chamber, and measurements were taken 1 cm beneath the soil surface (Figure 1B, 189 

Table 1). Because the DO measurements were not taken at the same time as each chamber 190 

measurement, the DO reading that was closest to the date of chamber sampling was recorded 191 

(Table 1). The largest temporal offset between the chamber flux measurements and the DO 192 

measurements was five days in October.  193 

 194 
2.2.4 Eddy covariance tower carbon flux measurements 195 

To evaluate whether cove drying and wetting was the dominant driver of differences 196 

between CO2 and CH4 in the cove during our measurement period, we compared our diurnal 197 

chamber measurements to data collected from an eddy covariance tower whose footprint extent 198 

included only flooded parts of the wetland (Figure 1A). Eddy covariance data were obtained 199 

from AmeriFlux (site-ID: US-OWC33). 200 

Although eddy covariance data were available for most half hours throughout the 201 

summer, we specifically used the observed CO2 and CH4 fluxes during seven days around each 202 

monthly chamber measurement time (Table 1) and during the 12 hours of sampling from 7 AM 203 
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to 7 PM. We compared the mean diurnal temporal pattern of these seven-day periods with the 204 

fluxes observed in our chamber measurements. The 95th percentile of the variation in half-hourly 205 

eddy covariance data around the weekly mean diurnal pattern was used to estimate the diurnal 206 

uncertainty.  207 

 208 

2.3 Statistical analyses of chambers 209 

We used type-3 ANOVA tests34 to determine if the effects of seasonality (date of 210 

sampling converted to day of year [DOY]: 187, 230, 257, 285), DO concentration, water depth, 211 

inundation status (completely flooded or dry/partially flooded), time interval (collapsed from 212 

hourly into categorical variables: morning [7 AM to 11 AM], afternoon [12 PM to 3 PM], and 213 

evening [4 PM to 7 PM]), and vegetation presence (vegetated or unvegetated) on CO2 and CH4 214 

fluxes were significant. All variable effects were assumed as fixed effects. DO concentration, 215 

water depth, and DOY were correlated (with one DO and water depth measurement recorded per 216 

DOY) and thus were modeled separately as one of four (including inundation status) alternative 217 

models (Table 2). Each of the four alternative models also included interactions with vegetation 218 

and diurnal time interval. Among all significant models, the model with the lowest root mean 219 

squared error (RMSE) was assumed to indicate the most direct variable to explain carbon fluxes. 220 

For each model, the triple interaction terms were included in the test, and we used the R package 221 

emmeans35 for post-hoc testing to identify which groups were significantly different from each 222 

other at alpha = 0.05. All statistical comparisons were performed in R (R Core Team 2021, 223 

Vienna, Austria). 224 

 225 

3 Results 226 
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3.1 Seasonal and diurnal cycles of fluxes and conditions 227 

From July to October, 294 total chambers were collected with 146 chambers collected in 228 

open water and 148 collected in vegetation. There were 64 chamber collections in July (33 open 229 

and 31 vegetated), 78 in August (39 in open and 39 in vegetated), 75 in September (36 in open 230 

and 39 in vegetated), and 77 in October (38 in open and 39 in vegetated).  231 

On average, the cove acted as a net CO2 source with an average flux of 0.4 µmol m-2 s-1  232 

(range= -8 to 6.2 µmol m-2 s-1). A net uptake of CO2 (negative flux) was measured only in July in 233 

vegetated locations (Figure 2A). During all other months, the wetland was a net source of CO2 in 234 

both vegetated and unvegetated areas, though, in some months and most times of day, vegetated 235 

patches had a significantly lower net CO2 flux rate (Figure 2A-B). Net CO2 uptake was observed 236 

in vegetated patches in the afternoon, but during the morning and evening, regardless of 237 

vegetation and month, the net CO2 fluxes were positive (Figure 2B).  238 

The cove was also a net source of CH4 with an average flux of 0.11 µmol m-2 s-1  239 

(range= -0.2 to 3.5 µmol m-2 s-1). CH4 fluxes were higher in July than in other months in both 240 

vegetated and non-vegetated patches, and during July, they were highest in vegetated patches 241 

(Figure 2C). There were no significant differences in CH4 fluxes among all other months and 242 

vegetation status (vegetated or non-vegetated; Figure 2C). Time of day (diurnal time interval) 243 

affected CH4 fluxes but only with vegetation interactions as there were greater fluxes in earlier 244 

hours compared to the evening with plant presence (Figure 2D).   245 

Water depth in the cove and inundation status changed during the observation period, 246 

with the highest water depths occurring in July (0.23 m; fully flooded) and the lowest in August, 247 

September, and October (-0.15, 0.1, and 0.02 m, respectively; or dry/partially flooded). Changes 248 

in water depths affected oxygen concentrations. Specifically, when water depths were low from 249 
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August to October, DO concentrations were higher, and when water depths were higher in July, 250 

DO concentrations were lower (Table 1).   251 

From a series of linear models predicting CO2 and CH4 flux rates from different 252 

combinations of temporally covarying environmental conditions, the model including inundation 253 

status as a factor provided the best prediction of both carbon fluxes (Table 2). Post-hoc pairwise 254 

comparison tests for Model 4 demonstrated that significant drivers of CO2 flux were inundation 255 

status, time interval, vegetation presence, inundation status × vegetation, and time interval × 256 

vegetation (P < 0.05; Table 3). Comparatively, all predictor variables except inundation status × 257 

time interval affected CH4 fluxes, including time interval alone (P =0.048; Table 3). 258 

 When water levels were at their highest in July, CO2 fluxes were at their lowest, and CH4 259 

fluxes were at their highest. When the cove dried out in August and partially reflooded in 260 

September and October, CO2 fluxes then increased while CH4 fluxes decreased (Figure 3). 261 

Though DO concentration was a weaker predictor of carbon fluxes compared to inundation 262 

status (Table 2), when DO concentrations were at their lowest in July, coinciding with the 263 

highest water levels, CO2 fluxes were at their lowest, and CH4 fluxes were at their highest. 264 

Conversely, when DO concentrations were higher, CO2 fluxes were higher, and CH4 fluxes were 265 

lower (Figure 3). 266 

 267 

 268 

3.2 Comparison of diurnal carbon fluxes between chamber and eddy covariance tower 269 

We compared the diurnal profile from the eddy covariance tower whose footprint measures 270 

the flux from the main basin of the wetland, which was flooded throughout the observation 271 

period, to those measured in the cove by the chambers (flooded in July but dry in August). We 272 
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observed that the measured tower fluxes indicated that the main basin of the wetland was a CO2 273 

source both before and after the cove dried. Conversely, we observed a functional shift in the 274 

cove from being a CO2 sink to a source over the same time span (Figure 4A-B). Thus, the cove 275 

had higher CH4 fluxes when flooded in July and lower fluxes when dry in August, while the CH4 276 

fluxes measured by the tower were similar levels over both months, with neither month showing 277 

a strong diurnal trend (Figure 4C-D). 278 

 279 

4 Discussion 280 

Inundation status (flooded or dry/partially flooded) was the most tightly correlated driver 281 

of carbon gas fluxes at OWC, when compared to DOY, water level, and DO concentration. 282 

Inundation status was also the most likely to be selected due to having fewer possible states (wet 283 

or dry as opposed to four different continuous variable states available to the other three 284 

variables). It’s selection here suggests that the binary flooded or dry/partially flooded status of 285 

the wetland has an even stronger effect than might otherwise be inferred from the four tested 286 

models. This signifies that the presence or absence of an above-soil water table, and therefore the 287 

switching of states due to hydrologic drawdown or reflooding, better explains carbon fluxes 288 

compared to varying water depths. This finding is supported by other studies which found that 289 

once soils were already inundated, subsequent changes in water level did not explain CH4 flux as 290 

effectively as a dry vs flooded soil status19,36,37.  291 

Even though DOY and DO concentrations did not drive carbon fluxes as strongly as 292 

water inundation status, they were still correlated with flux patterns. We interpret our results to 293 

indicate that this correlation is due to the covariance with inundation status. Similar to other 294 

studies18,38,39, we found that when water levels were low, leading to a smaller water barrier 295 
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between the atmosphere and sediment, there was more DO in surface sediments. Consequently, 296 

there were greater CO2 and less CH4 fluxes from August to October, the months with the lowest 297 

water levels. Conversely, when water levels were high in July, there was less DO in surface 298 

sediments and a greater CH4 flux since more anoxic soils increase methanogenesis and decrease 299 

rates of CH4 oxidization by microbes18,38. The role of inundation status on carbon fluxes is 300 

supported by the fact that when the main channel remained flooded during July and August, CO2 301 

and CH4 fluxes were relatively constant in that area.  302 

Changes in water levels and inundation are shaped by variation in river inflow rate and 303 

by the coastal wetland’s barrier beach naturally breaking and reforming, facilitating the 304 

movement of wetland water to and from Lake Erie. During our sampling period, the barrier 305 

beach opened on 26 July and closed again 14 August (Appendix B). When opened, water from 306 

the wetland drained into Lake Erie, lowering water levels throughout the wetland and causing 307 

drying in the cove. As such, this barrier presence or absence highly dictated hydrologic 308 

drawdown and subsequent greenhouse gas emission potential in the wetland.  309 

In addition to inundation status, carbon fluxes were also correlated with time of day and 310 

the presence or absence of vegetation. The diurnal effects on CO2 fluxes were anticipated 311 

because plants uptake CO2 during photosynthesis, and CO2 fluxes grow more negative during 312 

times of greater photosynthetic activity20, particularly in the mid-day when radiation is at its 313 

peak. In contrast, the flux of CH4 lacked strong diurnal patterns and was consistently emitted to 314 

the atmosphere regardless of time of day, which has been similarly observed in a previous 315 

study21. Wetlands typically have large amounts of organic matter in submerged, anoxic 316 

environments, and it was expected that the wetland would always be a net source of CH4 to the 317 

atmosphere. While some diurnal variation in CH4 fluxes has been previously shown with higher 318 
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fluxes during the daytime17,40, the relationship between time of day and CH4 fluxes is weaker 319 

than that for CO2. While there were no consistent temporal effects across day, we did find strong 320 

spatial variation of CH4 fluxes where vegetated sites emitted more CH4 than unvegetated ones. 321 

This is likely due to plant aerenchyma functioning as a conduit for CH4 transport from sediments 322 

to the atmosphere14,15 and the production of CH4 from decaying plant material in anaerobic 323 

sediments41. Prior studies have also shown that different plant species and functional types can 324 

mediate CH4 transport at different rates.21 Importantly, since the barrier beach between the 325 

wetland and Lake Erie drove inundation status in the wetland, it may also have affected plant 326 

productivity if plants became water limited42. This may have been the case in July when the 327 

wetland was flooded and the vegetated sites were CO2 sinks, compared to August to October 328 

when vegetated sites were net positive sources of CO2 and CH4.  329 

 330 

Limitations and Considerations 331 

 While our study shows the influence of water depth and inundation on carbon fluxes, we 332 

acknowledge that there are temporal considerations that we were not able to characterize. For 333 

instance, we collected data monthly from July to October and hourly for 12 hours. By mainly 334 

collecting data during the day, we were only able to calculate carbon fluxes during 335 

photosynthetic periods and during warmer day temperatures. However, wetlands emit CH4 and 336 

CO2 during the night, and cooler temperatures decrease the rate of microbial activity and 337 

methanogenesis20. Thus, relationships between CO2 and CH4 fluxes with the covarying site 338 

conditions remain unexplored, and microbial activity, which was not examined in this study, 339 

should be assessed in the future via integration of genomic, transcriptomic, and proteomic 340 

methods to understand its effects on carbon fluxes. Moreover, studying fluxes over the year to 341 
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obtain comprehensive seasonal variation would improve our understanding of carbon flux 342 

processes. Specifically, prior research showed that CH4 fluxes varied over growing and non-343 

growing seasons, and higher soil and water temperatures increased flux rates, likely due to faster 344 

microbial processes17,20,43. 345 

 Nevertheless, we believe our results have implications for wetland carbon fluxes. 346 

Particularly, as climate change alters precipitation patterns, sometimes reducing it, hydrologic 347 

drawdown may occur, leading to the decline of the areal extent and wetted perimeter of wetlands 348 

and thus causing peripheral drying39. With hydrologic drawdowns, we would anticipate a loss in 349 

carbon sequestration potential44 and a decrease in CH4 emissions from the newly dried-out soil at 350 

wetland boundaries. However, when water elevation decreases, the wetland edges may dry while 351 

the interior of the wetland may remain flooded and, subsequently, may not respond to drivers in 352 

a similar fashion. Furthermore, longer durations of inundation increase CH4 emissions19, and the 353 

mass and shape of wetland vegetation and plant aerenchyma size, which is affected by water 354 

regime, can affect the capacity of plants to transport carbon41,45. Hydrologic drawdowns may 355 

also support macrophyte colonization, which would increase CO2 uptake18. Eventually, 356 

consistent wetland drying may permit terrestrial vegetation to seed and grow in an area that was 357 

once uninhabitable for upland species18.  358 

 359 

5 Conclusion  360 

Water inundation status is a master driver of net wetland greenhouse gas emission and 361 

sequestration potential, with flooded soils leading to more CH4 emissions and drier soils 362 

supporting greater CO2 emissions. When soil conditions are dry, CO2 fluxes increase due to 363 

oxygen exposure, and CH4 fluxes decrease. However, areas with vegetation have higher rates of 364 
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CH4 emissions due to plant-facilitated gas transport. Regardless of the fluctuating changes in 365 

water level, the wetland was a net source for both CO2 and CH4 during the study. As climate 366 

change alters precipitation patterns and inundation regimes, patterns of carbon emissions from 367 

wetlands will continue to change.  368 

 369 
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Figure 1. Old Woman Creek National Estuarine Research Reserve. A) (top) The location of 517 

OWC estuary in Ohio, USA and the main channel (shaded blue area), highlighting the cove 518 

(yellow box), the beach barrier (yellow triangle) that separates Lake Erie (delineated by dashed 519 

pink line) from OWC, the eddy covariance tower location (white triangle), and the water depth 520 

sampling location (purple triangle). B) (bottom) Sampling sites in the cove showing vegetated 521 

(pink circles) and non-vegetated (white circles) chamber locations. Monthly DO concentration 522 

measurements were taken at one of the open water chamber sites (black dot within white circle).  523 
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 526 

Figure 2. Interactive effects of month, vegetation status, and time interval on CO2 and CH4 527 

fluxes. A) The effect of month and vegetation on CO2 flux. B) The effect of time interval and 528 

vegetation on CO2 flux. C) The effect of month and vegetation on CH4 flux. D) The effect of 529 

time interval and vegetation on CH4 flux. Letters denote linear model significance from type-3 530 

ANOVA at P <0.05. Bars represent the standard error of the data.  531 

 532 
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 534 

Figure 3. Water level and DO concentration effects on carbon flux. The violin plots show the 535 

spread of carbon flux data points at each water level and DO concentration. Blue violins (and 536 

blue dot marking the medians) represent when the cove was completely flooded (July only) 537 

while all other violins (and black dots marking the medians) represent when the cove was 538 

dry/partially flooded. The black dashed line shows the mean carbon flux (CO2 and CH4 in upper 539 

and lower panels, respectively) during the dry/partially flooded months, while the blue dashed 540 

line shows the mean carbon flux during the flooded month of July. 541 
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 543 

Figure 4. Comparison of carbon fluxes from chamber measurements (pink) in the cove and eddy 544 

covariance tower measurements (blue) in the flooded open water channel from 7 AM to 7 PM. 545 

The black dashed line indicates carbon fluxes at 0 µmol m-2 s-1. A) CO2 flux measurements in 546 

July. B) CO2 flux measurements in August. C) CH4 flux measurements in July. B) CH4 flux 547 

measurements in August. Box and whisker plots represent quartiles of the data. For chamber 548 

measurements, n=64 in July and n=78 in August for both CO2 and CH4. For the tower 549 

measurements, n=18 in July and August for both CO2 and CH4.  550 
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