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Developing effective strategies for reducing methane and other greenhouse gas 

emissions requires a quantitative understanding of their global sources and sinks. 

Decomposition of organic matter in wet soils is one of the largest sources of methane 

to the atmosphere, but it is a highly variable process that remains difficult to quantify 

because we lack a predictive understanding of how environmental factors control 

methane emissions in wetlands. Hydrology is one of the most important factors 

controlling methane production wetlands along with temperature and vegetation, 

however it is unclear how to relate aspects of a wetland’s hydrologic regime to the 

timing, magnitude, and spatial extent of its methane emissions. Furthermore, 

discrepancies between the magnitude of global methane emissions calculated using 

different techniques indicate that current methods for measuring the extent and 



  

dynamics of wetland areas in global models may not adequately represent processes 

controlling methane cycling in wetlands and other small water bodies.  

 

I studied the role of seasonal hydrologic variability on methane emissions from 

forested mineral soil wetlands to inform modeling techniques at different scales. In 

Chapter 1, I show the importance of inundation extent and duration as major drivers 

of wetland methane emissions, that methane fluxes have a non-linear relationship 

with water level, and that methane fluxes are higher when water levels are falling 

rather than rising. In Chapter 2, I demonstrate a new technique for calculating 

methane emissions using high resolution satellite data to quantify wetland inundation 

time series, and some limits of current technology for modeling surface water 

dynamics in forested wetlands. Chapter 3 presents and applies a modeling framework 

for quantifying hydrologic fluxes of methane in the context of common forms of 

wetland restoration 

 

In combination, these studies establish how and why quantifying the hydrologic 

regime of seasonally inundated forested wetlands enables a more accurate estimation 

of methane emissions at multiple scales, that water level drawdown associated with 

the natural hydrologic regime of forested wetlands considerably reduces methane 

producing areas, and that improved methods for detecting and modeling surface water 

dynamics in low relief landscapes will improve our ability to quantify methane 

emissions.  
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Preface 
 

This dissertation comprises an introduction, three research chapters, and a summary 

and conclusions section. All research chapters are presented in manuscript form. 

Tables, figures, and captions occur at the conclusion of each chapter. A single 

literature cited section occurs at the end for references made throughout the entire 

dissertation.  
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When I am among the trees, 

especially the willows and the honey locust, 
equally the beech, the oaks and the pines, 
they give off such hints of gladness. 
I would almost say that they save me, and daily. 
 

I am so distant from the hope of myself, 
in which I have goodness, and discernment, 
and never hurry through the world 
but walk slowly, and bow often. 
 

Around me the trees stir in their leaves 
and call out, “Stay awhile.” 
The light flows from their branches.  
 

And they call again, “It’s simple,” they say, 
“and you too have come 
into the world to do this, to go easy, to be filled 
with light, and to shine.” 
 

--Mary Oliver 
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Introduction 
 
Methane concentrations in the atmosphere have more than doubled since pre-

industrial times, and the previous decade the rate of increase has also risen. In 

addition to being a precursor for ground-level air pollutants like ozone, methane is 

considered the second most important greenhouse gas behind carbon dioxide, 

responsible for almost one quarter of the additional radiative forcing in the lower 

atmosphere since 1750. Compared to carbon dioxide, methane has a short lifespan in 

the atmosphere, which means that emissions reductions can result in reduced climate 

impacts on the order of decades.  

 

Developing effective strategies for reducing methane emissions requires a 

quantitative understanding of its global sources and sinks, which is currently lacking. 

Decomposition of organic matter in wet soils is one of the largest sources of methane 

to the atmosphere, but it is a highly variable process that remains difficult to quantify 

because we lack a predictive understanding of how environmental factors control 

methane emissions in wetlands. Hydrology is one of the most important factors 

controlling methane production wetlands along with temperature and vegetation, 

however it is unclear how to relate aspects of a wetland’s hydrologic regime to the 

timing, magnitude, and spatial extent of its methane emissions. Furthermore, 

discrepancies between the magnitude of global methane emissions calculated using 

different techniques indicate that current methods for measuring the extent and 

dynamics of wetland areas in global models may not adequately represent processes 

controlling methane cycling in wetlands and other small water bodies.  
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For this dissertation, I studied the role of seasonal hydrologic variability on methane 

emissions from forested mineral soil wetlands in the mid-Atlantic coastal plain on the 

Delmarva peninsula. I used a combination of field measurements, modeling, and 

remote sensing analyses to quantify the relationship between wetland hydrologic 

regime and methane emissions to inform modeling techniques at different scales. 

Below is a brief description of the material presented in each chapter and the major 

findings of this research.  

 

Chapter 1: Effects of Seasonal Inundation on Methane Fluxes from Forested 

Freshwater Wetlands 

Methane emissions from small freshwater ecosystems represent one of the largest 

components of uncertainty in the global methane budget. While these systems are 

known to produce large amounts of methane relative to their size, quantifying the 

timing, magnitude, and spatial extent of their emissions remains challenging. We 

begin to address this challenge in seasonally inundated forested mineral soil wetlands 

by 1) measuring wetland methane fluxes and hydrologic regime across both 

inundated and non-inundated soils, 2) characterizing how wetland hydrologic regime 

impacts the spatial extent of methane emission source areas, and 3) modeling average 

daily wetland-scale flux rates using four different upscaling techniques. Our results 

show that inundation extent and duration, but not frequency or depth, were major 

drivers of wetland methane concentrations. Moreover, we found that methane fluxes 

were best described by the direction of water level change (i.e. rising or falling), 
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where emissions were generally higher when water levels were falling. Once soils 

were inundated, subsequent changes in water level did not explain observed 

variability of methane concentrations in standing water. Finally, our spatial modeling 

suggests that representing inundation and associated methane source areas is a critical 

step in estimating local to regional scale methane emissions. Intermittently inundated 

soils alternated between being sources and sinks of methane depending on water 

level, soil moisture, and the direction of water level change. These results 

demonstrate that quantifying the hydrologic regime of seasonally inundated forested 

freshwater wetlands enables a more accurate estimation of methane emissions. 

 

Chapter 2: Effects of Using High Resolution Satellite-based Inundation Time 

Series to Estimate Methane Fluxes from Forested Wetlands 

A major source of uncertainty in the global methane budget arises from quantifying 

the area of wetlands and other inland waters. This study addresses how the dynamics 

of surface water extent in forested wetlands affect the calculation of methane 

emissions. We used fine resolution satellite imagery acquired at sub-weekly intervals 

together with a semi-empirical methane emissions model to estimate daily surface 

water extent and diffusive methane fluxes for a low-relief wetland-rich watershed. 

Comparisons of surface water model predictions to field measurements showed 

agreement with the magnitude of changes in water extent, including for wetlands with 

surface area less than 1,000 m2. Results of methane emission models showed that 

wetlands smaller than 1 hectare (10,000 m2) were responsible for a majority of 

emissions, and that considering dynamic inundation of forested wetlands resulted in 
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49–62% lower emission totals compared to models using a single estimate for each 

wetland’s size.  

 

Chapter 3: Quantifying Hydrologic Fluxes of Dissolved Methane from 

Headwater Wetlands 

Observations of high methane emissions from restored wetlands have raised questions 

about the net climate benefits of wetland restoration. However current methods for 

evaluating the tradeoff between carbon storage and greenhouse gas emissions fail to 

account for hydrologically mediated fluxes such as transport of dissolved methane out 

wetlands in runoff and drainage channels. Many wetlands have natural or man-made 

outlets that provide such hydrologic connections to downstream waters at least 

seasonally or intermittently, through which methane produced in wetland soils can be 

advected downstream. It is unclear whether the magnitude of these fluxes comprises a 

substantial portion of a wetland’s total methane output. This chapter presents a 

framework for quantifying this hydrologic flux of dissolved methane as well as its 

relative importance in a wetland’s total methane output. We apply the framework to a 

headwater wetland catchment located in a landscape affected by drainage for 

agriculture and demonstrate that the hydrologic flux can comprise a substantial 

portion of output. Results from an advection model suggest that a large portion of this 

dissolved methane can be transported to the perennial stream network before evasion 

to the atmosphere.  
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Chapter 1: Effects of seasonal inundation on methane fluxes 

from forested freshwater wetlands 

 

Introduction 

Methane emissions from small freshwater ecosystems such as ponds and forested 

wetlands represent one of the largest components of uncertainty in the global methane 

budget.  Inventory-based estimates of freshwater methane emissions are higher than 

expected when compared to top-down models based on atmospheric observations 

(Saunois et al., 2020a). In part, this discrepancy stems from uncertainty in quantifying 

methane emissions from mineral soil wetlands, and more specifically, identifying 

source areas of methane fluxes across intermittently inundated soils. Studies show 

conflicting reports on how water level variability and wet–dry cycles influence 

methane fluxes, and it is unclear whether intermittently inundated mineral soils are 

significant sources of methane (Kim et al., 2012; Marcé et al., 2019). While diurnal 

variability (Sieczko et al., 2020), trophic status (DelSontro et al., 2018b), the spatial 

representation of wetland areas (Hondula, DeVries, et al., 2021; Zhang et al., 2016), 

and within-lake heterogeneity (Natchimuthu et al., 2016) may also explain some of 

the discrepancy, the potential importance of variable wetland inundation is 

undetermined.  

 

Methane fluxes are highly variable in freshwater ecosystems and environmental 

controls on production, consumption, and transport are poorly constrained (Hendriks 
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et al., 2010; Peltola et al., 2015). Variability in wetland hydrologic conditions, or the 

wetland hydrologic regime, is a dominant control of methane emissions (Altor & 

Mitsch, 2008; Bartlett & Harriss, 1993) but its effects are difficult to separate from 

those of temperature, vegetation, and disturbance history because in wetlands these 

variables can co-vary and have multiple hierarchical and interactive effects (Bhullar 

et al., 2013; Golladay et al., 2021; Herbst et al., 2011; Pennock et al., 2010; Turetsky 

et al., 2014; Vanselow-Algan et al., 2015; Waddington & Day, 2007).  

 

Complex and non-linear relationships between hydrologic and biogeochemical 

processes in wetlands make it challenging to develop predictive relationships between 

hydrologic variables and wetland-scale methane emissions. The traditional 

relationship between water table and emissions is based on assumed separation of an 

anoxic zone of net production (below the water table) from an oxic zone of net 

consumption (above the water table) (Bridgham et al., 2013). However, numerous 

complications have been identified that are hard to account for with this 

simplification. First, production is not limited to below the water table because 

methanogenesis can occur in anoxic microsites in otherwise oxygenated soil above 

the water table (Grossart et al., 2011; Keiluweit et al., 2017; Knorr et al., 2009; Yang 

et al., 2017). Second, methanotrophy is not limited to the oxic portion of the soil 

column in the presence of anaerobic methane oxidizers (Angle et al., 2017; 

McNamara et al., 2006). Time series of flux measurements have also shown temporal 

lags between changes in water level and changes in methane emissions (Chamberlain 

et al., 2016; Tangen & Bansal, 2019), and lateral concentration gradients caused by 
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plants can spatially separate areas of production from emissions (Bansal et al., 2020). 

Finally, in wetlands with surface inundation, transport and reaction processes in 

surface water can modulate the amount of methane that reaches the atmosphere (Boon 

& Lee, 1997; Holgerson et al., 2017; Poindexter et al., 2016). Some authors have 

suggested that deeper surface inundation should result in more methane oxidation 

because of slow gas diffusion through water (Altor & Mitsch, 2008; Podgrajsek et al., 

2014). Although there is often less dissolved methane in deep (> 6 m) compared to 

shallow water of lakes (Bastviken et al., 2008), this pattern has not been demonstrated 

for shallower wetlands.  

 

In addition to hydrologic drivers of methane production and consumption, the 

assumptions about methane cycling in different land cover types may contribute large 

uncertainty to emission estimates. Land cover classifications of wetlands generally 

exclude inundated mineral soils (Poulter et al., 2017a). This omission means that 

flooded areas of mineral soil in forests, which can be locally or intermittently high 

methane sources (Desai et al., 2015; Lohila et al., 2016; Sakabe et al., 2016; Teh et 

al., 2014), do not typically register as methane producing areas in models (Hondula, 

DeVries, et al., 2021). Instead, mineral forest soils are considered the largest 

terrestrial sink for atmospheric methane (Dutaur & Verchot, 2007). Among the most 

well-studied type of wetlands—peatlands—methane fluxes are generally negative 

when the water table drops to ~10 cm below the peat surface (e.g. (Jungkunst & 

Fiedler, 2007), but it is unclear how intermittent flooding affects methane fluxes in 

fundamentally different wetland types (Turetsky et al., 2014). The transition between 
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methane sources and sinks in temperate forested wetlands may be a dynamic zone 

controlled by soil moisture (Desai et al., 2015; Fest et al., 2017; Lohila et al., 2016); 

however, no studies have explicitly attempted to quantify how this boundary varies in 

time or space.  

 

Treating intermittently or seasonally flooded mineral soils as potential sources of 

even very small methane fluxes has large implications in emission models because of 

how expansive this area is globally (Bridgham et al., 2006; Grinham et al., 2018a; 

Pekel et al., 2016a; Spahni et al., 2011). Filling this gap in our understanding of 

methane emissions is important for informing earth system models that rely on 

observations of surface water for determining areal extent of emissions (Bohn et al., 

2013; Wania et al., 2013). Improved representation of inundation dynamics in 

forested wetlands for methane emission models is especially warranted given that 

forested wetlands experienced the largest change in area of any wetland type in the 

United States between 2004-2009 (Dahl, 2011b), and the area of soils experiencing 

periodic drying or inundation cycles may be expanding due to increasing variability 

in precipitation rates and development-induced land cover changes (Kannenberg et 

al., 2015).  

 

Here, we assessed the role of hydrologic variability on methane emissions in 

freshwater forested mineral soil wetlands by 1) quantifying the relationship between 

water level above (+) and below (-) the soil surface and methane flux rates throughout 

a water year, 2) characterizing the spatial extent of methane emission source areas for 
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seasonally dynamic wetlands, and 3) comparing wetland-scale flux estimates using 

different upscaling techniques.  

 

Methods 

We measured methane fluxes monthly across inundation gradients in six forested 

wetlands over one water year and quantified the hydrologic regime of each wetland 

from water levels monitored at multiple points within each wetland. The relationship 

between water level and methane flux rates, and the extent of methane emission 

source areas were evaluated with statistical models. Water level time series and 

average flux rates from inundated and non-inundated zones were used to estimate 

wetland-scale emissions under contrasting assumptions regarding methane source 

area dynamics.  

 

Study area and hydrologic setting 

We identified six forested wetlands in the mid-Atlantic Coastal Plain characterized by 

seasonal changes in water level and minimal emergent vegetation. Sites were in the 

Upper Choptank River watershed on the Delmarva peninsula which drains to 

Chesapeake Bay (Figure 1.1). This low-gradient watershed comprises 60% cropland, 

20% woody wetland, 12% forest, and <5% developed land (Dewitz, 2019). Forests 

contain a patchwork of seasonally flooded area, complex microtopography, 

sphagnum, narrow ditches from a legacy of drainage, and abundant depressional 

wetlands called Delmarva bays (Fisher et al., 2010a). These features range in size 

from 0.5–0.7 hectares (Fenstermacher et al., 2014a; Huang et al., 2014a) and include 
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large open canopy areas as well as more numerous small forested depressions (M. 

Lang et al., 2012; M. Vanderhoof et al., 2017); the latter of which are the focus for 

this study. Depressions have a seasonal hydrologic regime driven by 

evapotranspiration from a highly permeable shallow groundwater aquifer. They are 

inundated up to ~150 cm above the soil during late fall and winter, then, depending 

on rainfall and landscape position, may lose all surface water as the regional water 

table drops throughout the growing season (Phillips & Shedlock, 1993a). Soils at our 

study sites are poorly or very poorly drained, with either loamy sand, mucky loam, or 

moderately decomposed plant material comprising the top 5 cm (Table 1.1; (Soil 

Survey Staff, 2020)).  

 

Methane measurements were made near each wetland center and at five evenly 

spaced locations along wetland to upland transects (Figure 1.2). This captured both 

temporal and spatial variations in hydrologic conditions, which we quantified using 

metrics described below and in Table 1.2. Throughout, water level refers to the 

position of the wetland water table relative to the soil surface: positive values indicate 

inundation and negative values indicate soils were not inundated. The broader water 

table surrounding a wetland is referred to as the groundwater table (Phillips & 

Shedlock, 1993a). While the timing and seasonality of precipitation and 

evapotranspiration drive temporal variation in hydrologic conditions (S. Lee et al., 

2019), wetland morphometry drives spatial gradients in hydrologic conditions (i.e., 

both inundation duration and soil moisture decrease along each transect from wetland 

center to upland).  
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We quantified hydrologic variation using a combination of water level, elevation 

surveys, and a 1m digital elevation model (S. Lee et al., 2019)). We estimated 

inundation extent at each wetland using daily water level and the digital elevation 

model (Jones et al., 2018a), and estimated water level at soil chamber points by 

interpolating between the inundation boundary and water level at the upland end of 

each transect (Figure 1.2a; (Maietta et al., 2020). Using each of these daily water 

level time series, we derived time series of the magnitude and direction of water level 

change over the previous 1-7 days (WL1-7 and DWL1-7). We then summarized 

hydrologic variability over the water year at each chamber location by calculating the 

average and range in water levels, and the frequency and maximum duration of 

periods with negative or positive water levels. We summarized hydrologic variability 

at the wetland scale using surface water extent time series to calculate the cumulative 

proportion of area inundated throughout the year (“inundation index”). 

 

Methane flux measurements 

Methane emissions were calculated using monthly measurements at each wetland 

across the 2018 water year. Different techniques were used to quantify diffusive 

fluxes from inundated and non-inundated zones of each wetland. For inundated areas 

we used the turbulent boundary layer method with 3 replicate measurements of 

dissolved gas concentrations sampled near wetland centers and a gas exchange model 

for wind-sheltered water bodies (Cole et al., 2010; Poindexter & Variano, 2013). 

Atmospheric concentrations of methane were also sampled at each wetland for every 
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set of replicate headspace samples. Dissolved gas and equilibrium concentrations 

were calculated from partial pressure using Henry’s Law constants, atmospheric 

concentrations, air pressure, and water temperature following (Cawley, 2018): 

!"#$!"#"$%&'$ = & × ()( − )')+ (Equation 1.1) 

We were not able to include any gas fluxes associated with ice-out processes or 

effects of surface films that can impede gas transfer across air-water interfaces 

especially in forested swamps (Happell et al., 1995). 

 

Fluxes from non-inundated areas were calculated from 24 hour incubations of 1-2 L 

static flux chambers installed along wetland transects (Figure 1.2) (Davidson et al., 

2002). We only collected measurements from chambers with < 2 cm of standing 

water, resulting in a different number of measurements for each sampling period (i.e. 

we did not do incubations of submerged chambers). Chambers were constructed from 

the top portion of 5 L buckets affixed with air-tight screw top Gamma Seal © lids that 

enclosed between 1 and 2 L of air when sealed. Chamber collars were installed at 

least 2 weeks prior to the initial sampling period. Chamber lids were modified to 

include both a vent to equilibrate pressure changes in the environment (Davidson et 

al., 2002) as well as a sampling port with a valve from which 30 mL gas samples 

were collected at the beginning and end of each incubation. Although monthly 

sampling may not adequately capture the full range of variability in emissions, our 

intention was to assess the extent to which the seasonal hydrology might explain 

observed variability in fluxes. This design allowed for sampling all study wetlands 

over a 2-day period. All gas samples were analyzed on an SR 8601 gas 
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chromatograph equipped with a flame ionization detector and a Poropak column with 

a 3-point calibration curve. Flux rates were calculated from the difference in 

headspace partial pressure at the beginning and end of the incubation period, 

chamber-specific interior dimensions, average air temperature and pressure from the 

incubation period, and the gas constant R (Pedersen et al., 2010).  

!"#$"*"+!"#"$%&'$ =
!""#
$%#& ×

'()
*+&*

,
-×-×.

 (Equation 1.2) 

 

Interior chamber volume was calculated for each sampling period as a cylinder based 

on the bucket diameter and an average of 4 measurements of the height of the 

chamber between the soil surface and lid position (~2-4 inches). Chamber fluxes less 

than an absolute value of 0.001 ppm were considered below the minimum detectable 

change and were set to 0 for subsequent analysis. Along with each chamber 

incubation, we measured volumetric water content and temperature at 3 points 

surrounding each chamber using a FieldScout TDR 150 soil moisture meter 

(Spectrum Technologies) with 3.8 cm rods. Soil moisture was calculated as water-

filled pore space using volumetric water content and bulk density, which was 

measured once at each measurement point during the study.  

 

The relationship between hydrologic metrics (Table 1.2) and methane fluxes was 

evaluated using generalized linear mixed effects models using wetland site as a 

random effect. Stepwise regression was used to evaluate fixed effects, including air 

and soil temperature, and remove highly correlated effects and model fit was 

evaluated using Akaike information criterion and marginal R2 values. The magnitude 
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of flux rates from inundated, and non-inundated source and sink areas were compared 

using Wilcoxon signed rank tests. 

 

Spatial extent of methane emissions 

To analyze the lateral boundary between net methane sources and sinks, we assessed 

whether the source area expanded and contracted over time in accordance with 

hydrologic conditions, or alternatively, if the transition was a relatively fixed location 

at each wetland. To do this, we used logistic mixed effect models to evaluate whether 

metrics representing point-scale hydrology (described above) or location were 

stronger predictors of whether a measured flux was positive or negative.  

Wetland-scale flux models 

To compare approaches for upscaling to the wetland scale, we calculated emissions 

for each wetland using four simple models with different assumptions regarding 

methane source areas (Figure 1.3, Table 1.3). Wetlands were modeled as three 

concentric zones with differing flux rates: a central inundated “source” zone with 

positive emissions, a surrounding non-inundated source zone, and an outer non-

inundated “sink” zone with methane uptake. The models vary based on which zones 

are included in calculating emissions, and whether the size of the inundated zone 

varied. Model I assumed emissions are from a fixed inundated area throughout the 

year (hereafter, fixed-area model). Model II calculated fluxes from inundated area 

time series, with no emissions from non-inundated zones (variable-area, excluding 

non-inundated). Model III included emissions from both inundated and non-

inundated source areas (variable-area, including all sources), and Model IV 
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calculated net emissions from all three zones (variable-area, sources and sinks). Each 

model was run 1,000 times for each wetland at the daily time scale for one year, with 

inputs derived from the field measurements described above. Wetland-specific water 

level time series were fixed, but daily inputs of both non-inundated source zone 

buffer widths and flux rates for each of the three emission zones were sampled from 

distributions fit to the relevant observations averaged for each site. 

 

Results 

Methane flux rates and water level 

Overall, flux rates showed high variability and differed significantly between wetland 

zones (Figure 1.4; p < 0.001). Inundated zone fluxes averaged 1.36 ± 2.08 mmol m-2 

d-1 and non-inundated zone fluxes averaged 0.07 ± 0.4 mmol m-2 d-1. No positive 

emissions were measured from points with water level -90 cm below the soil surface; 

however, uptake was measured across a wide range of water levels, including from 

fully saturated soils. On average, water levels varied a range of 130 cm throughout 

the year with minimums in late October 2017 and late September 2018 and 

maximums during March 2018 (Figure 1.2; Table 1.1). 

 

Mixed effect models indicated that flux rates from inundated soils were best 

explained by the direction of water level change (DWL1; R2 = 0.39) and were not 

significantly related to water level. These fluxes were ~55% lower when water levels 

had risen rather than fallen since the previous day (Table 1.4; Figure 1.5). Water 

levels were also not a significant predictor of fluxes from non-inundated soils: 
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variability was best explained by soil moisture and the direction of water level change 

over the previous week (DWL7; R2 = 0.26). Fluxes from non-inundated soils were 

approximately 32% lower when the water level had risen rather than fallen over the 

previous week (i.e., methane fluxes were greater when water level was receding). 

However, the model for non-inundated soils had low explanatory power and was 

unable to adequately capture the variance in our observations. Residuals showed 

consistent underprediction of the largest 10% of measured fluxes (> 0.1 mmol m-2 

day-1). Dissolved methane concentrations were highly variable and ranged over two 

orders of magnitude (0.54–71 µmol L-1). This variability was not correlated with 

water level or temperature, however we observed peaks at all sites in late summer, 

coincident with the lowest water levels and highest temperatures (Figure 1.6).  

 

Average flux rates over the course the year were significantly correlated with metrics 

summarizing hydrologic variability at each measurement point (Figure 1.7). Median 

water level (r = 0.83, r = 0.83, p < 0.05) and duration of inundation (r = 0.82, r = 

0.83, p < 0.05) had strong positive correlations with average log fluxes. Metrics 

describing hydrologic variability were largely correlated with each other, except for 

the frequency of dry periods (i.e., when water level < 0), which was not correlated 

with flux rates. Range and standard deviation of water level had weak negative 

correlations with range and standard deviation of flux rates (r ~ -0.40, p < 0.05). 

 

 

Spatial extent of source and sink zones 
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We observed both methane emissions and uptake over wide and overlapping ranges 

of hydrologic conditions. Nearly all measurement points transitioned between being 

methane sources during generally wetter conditions and methane sinks during drier 

conditions. However, we measured positive fluxes from locations with water levels as 

low as ~80 cm below the soil surface and up to ~8 m outside of the wetland 

boundary, and occasionally measured negative fluxes from points with fully saturated 

(but not inundated) soils.  

 

The distinction between source and sink measurements was better explained by 

variables associated with hydrologic conditions rather to those associated with 

measurement position. Water level, direction of water level change, and soil moisture 

together explained 55% of the difference between source and sink measurements, 

whereas the position of measurement locations only explained 20% (Table 1.5). 

According to the best fitting model, positive emissions were more likely when water 

levels had fallen since the previous day, when the water level was above -25 cm, or 

when soil moisture exceeded ~70% water filled pore space (Figure 1.8). 

Wetland-scale flux rates  

Wetland-scale emissions estimates were the highest using the fixed area model (i.e., 

assuming no changes in inundation extent), and lowest using the variable-area model 

that excluded non-inundated regions (Figure 1.9, 1.10). Estimates calculated using all 

sources and sinks were not significantly lower than those using the variable area all 

sources model. In Model IV, on average 94% of emissions were from the inundated 

zone. Emissions estimated using variable inundation extents were between 57–74% 
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of the emissions calculated under the fixed-area model. This difference was positively 

correlated with the inundation index (r= 0.73, p < 0.001) and negatively correlated 

with methane flux rates (r= -0.69, p <0.001), meaning the largest discrepancies from 

the fixed area model were for wetlands with a low inundation and high methane flux 

rate. Uncertainty was highest for wetlands with the largest variability in inundation 

zone methane flux rates.  

 

Discussion 

Overall, we found that hydrologic variability—particularly the inundation extent and 

duration—was an important predictor of wetland-scale methane flux rates from 

forested mineral soil wetlands. Inundated soils were consistently a source of methane; 

and much of the variability in these fluxes was explained by direction of water level 

change, and surprisingly, not water level itself. Intermittently inundated soils 

alternated between being methane sources and sinks depending on hydrologic 

conditions. Below we discuss how the wetland hydrologic regime may be controlling 

methane production and emissions from mineral soil wetlands, and how this 

variability affects upscaling of freshwater methane emissions from wetland to 

regional scales. 

 

Effects of hydrologic variability on methane fluxes 

Inundated soils were the dominant source of methane emissions. Standing water had 

high, but variable concentrations of dissolved methane that were similar in magnitude 

to concentrations found in other small open water ecosystems (Table 1.6). The 
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observed concentrations exceed values typical of both larger lakes (< 2 µmol L-1; 

(Bastviken et al., 2004; Holgerson & Raymond, 2016a)) and flowing waters (1.35 ± 

5.16 µmol L-1; (Stanley et al., 2016)). Variability was not explained by water level 

above the soil surface, which suggests that once wetlands are inundated, subsequent 

changes in water level do not have a strong effect on rates of production and 

consumption of methane within standing water. Effects of water depth on methane 

concentrations and fluxes may only occur over a larger range of water levels than we 

observed (> 1.5 m) or over shorter time periods than monthly sampling could capture. 

This pattern is broadly consistent with findings of a recent global synthesis, showing 

seasonally averaged emissions sharply increase up to a critical water level above the 

soil surface, above which there is high variability (Calabrese et al., 2021).  

 

Because the direction of water level change was a better predictor of flux rates than 

water level, this may indicate a lagged relationship between water level and methane 

emissions as has been found for other freshwater wetlands where water table depth is 

a major predictor (Knox et al., 2021). When soils are unsaturated, alternate electron 

acceptors such as ferric iron and sulfate may re-oxidize and provide substrate for 

microbes that use more thermodynamically favorable pathways to then outcompete 

methanogens (Estop-Aragonés et al., 2012; Jeffrey et al., 2019; Ratering & Conrad, 

1998). Such an effect would suppress methane production after periods of lower 

water levels and explain why we observed lower methane fluxes during rising rather 

than falling water levels. Increasing water levels can also reduce the supply of organic 

substrate for methanogens through dilution and effects to productivity of aquatic 
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vegetation (Calabrese et al., 2021). Additionally, changes in water level relative to the 

groundwater table could affect lateral transport of dissolved methane into wetland 

surface water through shallow subsurface flowpaths controlled by hydraulic 

gradients, especially for mineral soil wetlands with higher labile carbon pools. This 

lateral transport can concentrate methane produced in deeper soil layers of the 

surrounding wetland catchment, resulting in spatial discontinuities between factors 

driving methane production (e.g. water level, soil carbon content), oxidation, and 

emission. Lateral flowpaths are common in wetland-rich landscapes like the Prairie 

Pothole Region and the Delmarva Peninsula (Hayashi et al., 2016; Phillips & 

Shedlock, 1993a).  

 

Average methane fluxes at each measurement point were correlated with metrics 

summarizing the duration but not frequency of inundation. This aligns with other 

studies that found large fluxes associated with flooding induced inundation 

(Chamberlain et al., 2016; Gatland et al., 2014) and continuous saturation (Altor & 

Mitsch, 2008). The frequency of wetting and drying cycles may be related to methane 

flux potential in soils (Kannenberg et al., 2015), but have complex interactions with 

vegetation and the timing of drying/drainage such as in efforts to mitigate emissions 

from flooded rice agriculture (Yan et al., 2005).  

 

The relationship between wetland hydrology regime and methane emissions has 

implications for total freshwater wetland emissions in the US because recent trends 

show losses of coastal forested wetlands and gains in wetland types with more stable 
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water levels such as farm ponds and created wetlands on previously drained mineral 

soil (Dahl, 2011b; M. Lang et al., 2020). Our results suggest that this trend could be 

leading to higher net methane emissions because of increased inundation, however 

there are also plausible mechanisms for increased frequency of wet-dry cycles in 

forested wetlands to result in higher emissions. 

 

Spatial extent of methane uptake and emissions 

Fluxes from non-inundated soils transitioned between uptake and emissions 

depending on hydrologic conditions, and flux rates were only partially explained by 

soil moisture and the direction of changes in water level. Our findings align with the 

emerging conceptual framework for peatland soils that a distinct vertical separation 

between zones of methane production and consumption is unlikely, and that fluxes 

are mainly controlled by other environmental factors that are linked to hydrologic 

dynamics in complex ways (Yang et al., 2017). This is especially relevant in low-

gradient landscapes with shallow groundwater tables where large areas of mineral soil 

can become inundated (or pass a soil moisture threshold for methane emissions) with 

even small changes in water levels (Spahni et al., 2011). Under these circumstances, 

methane source areas will not be limited strictly to wetland soils. Our results suggest 

appropriately representing methane source areas in emission models requires 

improved modeling of hydrologic processes that lead to inundation of small-scale 

features like topographic depressions and ditches (Peacock et al., 2021).  
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Methane uptake was not limited to unsaturated soils, but rather occurred under a wide 

range of hydrologic conditions potentially by different microbial communities. 

Maietta et al. (2020) analyzed the microbial community composition from soils 

collected at the same measurement points used in this study and found methane 

oxidizers along a wider range of the hydrologic gradient compared to methanogenic 

archaea. Flux measurements align with results of the microbial community 

composition, showing there is a capacity for both methanogenesis and methane 

consumption within and slightly upland of intermittently inundated soils. Although 

additional factors such as low soil pH may limit net emissions from these systems, 

(Le Mer & Roger, 2001) these results underscore the need for considering both 

methane consumption and production in wetland emission models in order to 

accurately predict net fluxes.   

 

Inundation extent as a proxy for methane source areas 

The methane emissions source area of our study sites could reasonably be 

approximated by a time series of surface water extent because the actual source area 

included minimal emissions from surrounding non-inundated soils. Areal wetland-

scale flux rates were substantially lower (26–43%) in models that accounted for 

inundation variability. One way to incorporate this seasonal drying is to use a 

correction factor when scaling up methane flux rates from similar small water bodies 

in landscape or regional assessments that do not otherwise quantify hydrologic 

variability. Similarly, experimental work in Prairie Pothole wetlands (Tangen & 

Bansal, 2019) and on small water bodies in Australia (Grinham et al., 2018a) calls for 
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incorporating hydrologic variability when scaling up flux rates. Our models showed 

that a reasonable approximation of diffusive emissions would be scaling wetland area 

by 64%, which surprisingly matches the variability in surface area for the smallest 

size class water bodies reported by Grinham et al (2018a). We account for minimal 

fluxes from non-inundated zones but inundated zones contributed the overwhelming 

majority of emissions in our models (83–99%). Across a long-term dataset of 

emissions from Prairie Pothole wetlands, Tangen and Bansal (Tangen & Bansal, 

2019) also found that continuously wet zones accounted for >85% of cumulative 

fluxes. Using this correction factor approach relies on a reference wetland boundary, 

which for Grinham et al (2018a) was based on analyzing a time series of high-

resolution aerial imagery. We determined these areas empirically during our study 

period, however reliable maps of small water bodies, especially forested wetlands, are 

rare.  

 

Our study suggests that seasonally inundated forested wetlands are substantial sources 

of methane at the landscape scale in the Upper Choptank River watershed. Emission 

estimates from the variable area sources and sink model (IV) indicate an average 

areal flux rate of at least 1.65 kg m-2 yr-1, which is four orders of magnitude greater 

than the average methane uptake rate in temperate forest soils 11/11/21 12:24:00 PM, 

even after accounting for a small amount of uptake within the wetland. Across the 

Upper Choptank River watershed, a third of the land is forest and forested wetlands. 

Hydrologic classifications in the National Wetlands Inventory suggest that almost 

30% of that area is non-riverine freshwater wetlands subject to at least temporary or 
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intermittent flooding (Table 1.7) and therefore potential sources of methane 

emissions. Improved methods for detecting and modeling surface water dynamics in 

low relief landscapes will greatly improve our ability to quantify methane emissions 

from forested wetlands. 

Conclusions 

Understanding controls on methane fluxes in wetlands is needed to account for them 

properly in earth system models and to predict impacts of changing land cover and 

climate. We demonstrate that quantifying the hydrologic regime of seasonally 

inundated forested freshwater wetlands enables a more accurate estimation of their 

methane emissions. Hydrologic variability helped explain whether methane fluxes 

were positive or negative, and flux rates were lower during rising rather than falling 

water levels. Future work should assess the role of methane oxidation in reducing net 

evasion of methane from wetlands with standing water. We found that intermittently 

flooded soils transitioned between methane sources and sinks depending on 

hydrologic conditions; and using spatially explicit models, we found that the majority 

of methane emissions could be estimated from the inundated portions of these 

wetlands. 

 

  



 

 

25 
 

Table 1.1. Properties of wetland study sites. Values are mean ± standard deviation and (range).   
 
 

  

 
  

Max area 
inundated 

(m2) 

Inundation 
index 

Water 
level 
(m) 

NRCS soil 
type 

Soil 
bulk 

density 
(g m3) 

Dissolved 
CH4 

(µmol L-1) 

DOC 
(mg 
L-1) 

Inundated 
flux rate 

(mmol m-

2 day-1) 

Non-
inundation 
source flux 

rate 
(mmol m-2 

day-1) 

Non-
inundated 

sink flux rate 
(mmol m-2 

day-1) 

Buffer 
distance 

(m) 

Scale 
Factor 

W1 1,920 0.56 
0.39  
(0 - 

0.71) 

Hammonton-
Fallsington-

Corsica  
0.070 

22.0 ± 23 
(n = 32) 

(1.1 – 58.3) 
34.8 

2.97 ± 
3.1 (n 
=10) 

0.40 ± 
0.90 (n = 

16) 

-0.003 ± 
0.002 (n = 

28) 

5.4 ± 
4.7 0.62 

W2 597 0.58 
0.63  

(0.17 - 
1.09) 

Hammonton-
Fallsington-

Corsica  
0.448 

7.6 ± 9 (n = 
33) 

(0.5 – 24.0) 
34.6 

1.02 ± 
1.2 (n = 

9) 

0.16 ± 
0.48 (n = 

10) 

-0.004 ± 
0.004 (n = 

29) 

1.7 ± 
2.7 

0.61 

W3 2,065 0.56 
0.61  

(0.22 - 
0.93) 

Corsica 
mucky loam 0.239 

16.8 ± 21 
(n = 29) 

(5.7 – 71.1) 
40.9 

2.27 ± 
2.9 (n = 

9) 

0.08 ± 
0.16 (n = 

15) 

-0.004 ± 
0.003 (n = 

27) 

2.9 ± 
2.7 

0.57 

W4 1,639 0.72 
0.60  

(0.17 - 
1.03) 

Hammonton-
Fallsington-

Corsica  
0.267 

2.8 ± 2.6 (n 
= 29) 

(0.8 – 9.5) 
24.8 

0.38 ± 
0.35 (n 
=10) 

0.07 ± 0.12 
(n = 9) 

-0.003 ± 
0.001 (n = 

37) 

1.8 ± 
1.8 

0.74 

W5 1,710 0.57 
0.40  

(0.04 - 
0.70) 

Lenni loam 0.267 
3.1 ± 1.9 (n 

= 23) 
(1.2 – 6.9) 

29.7 
0.41 ± 

0.26 (n = 
8) 

0.18 ± 0.60 
(n = 19) 

-0.003 ± 
0.001 (n = 

29) 

6.3 ± 
4.2 

0.69 

W6 380 0.60 
0.34  

(0.15 - 
0.46) 

Hammonton-
Fallsington-

Corsica  
0.184 

14.7 ± 9.8 
(n =25) 

(3.6 – 35.8) 
27.0 

1.98 ± 
1.3 (n = 

8) 

0.37 ± 0.92 
(n = 13) 

-0.003 ± 
0.003 (n = 

13) 
2.2 ± 2 0.63 
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Table 1.2. Areas represented in each of the four inundation models. See section 2.4 
for details. Wetland boundary is defined from the maximum observed inundation 
extent during the period of study. 
 
Category Description 
Daily values (point scale) Water level 
 Magnitude of water level change over previous 1-7 days 
 Direction of water level change over previous 1-7 days 
 Precipitation 
 Total precipitation over previous 1-4 days 
 Soil moisture 
 Soil temperature 
Annual values (point scale) Average and range of water level 
 Water level standard deviation and coefficient of 

variation 
 Number of times water level < 0  
 Number of times water level < 0 for more than 1 day 
 Maximum duration of water level < 0 
 Number of times water level > 0 
 Number of times water level > 0 for more than 1 day 
 Maximum duration of water level > 0 
Annual values (wetland scale) Inundation index 
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Table 1.3. Regression parameters for random intercept mixed effect models 
explaining variability of methane flux rates measured from inundated and non-
inundated soils. Wetland site is included as a random effect. DWL1 and DWL7 are the 
direction of water level change (increasing or decreasing) over the previous one and 
seven days respectively.  
 

 Inundated source 
zone 

Non-inundated 
source zone 

Non-inundated sink 
zone 

Model I Wetland boundary Not included Not included 
Model II Daily surface water 

extent 
Not included Not included 

Model III Daily surface water 
extent 

Daily estimate of 
buffer surrounding 
surface water extent 

Not included 

Model IV Daily surface water 
extent 

Daily estimate of 
buffer surrounding 
surface water extent 

Remainder between 
wetland boundary and 
source zones 
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Table 1.4. Regression parameters for random intercept mixed effect models 
explaining variability of methane flux rates measured from inundated and non-
inundated soils. Wetland site is included as a random effect. DWL1 and DWL7 are the 
direction of water level change (increasing or decreasing) over the previous one and 
seven days respectively.  
 
 
Inundated zone  
Conditional R2 0.39   
Marginal R2 0.12   
 Estimate t P-value 
Intercept 0.08 0.287 0.78 
DWL1 -0.81 -3.149 <0.005 

 
Non-Inundated zone  
Conditional R2 0.26   
Marginal R2 0.19   
 Estimate t P-value 
Intercept -3.40 -28.80 <0.005 
DWL7 -0.30 -3.77 <0.005 
Water filled pore space 0.02 6.01 <0.005 
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Table 1.5. Regression model parameters for probability of positive emissions as a 
function of predictors associated with hydrologic variability and measurement 
position.  
 
 
Hydrologic variability 

  

Conditional R2 0.58    
Marginal R2 0.55    
 Estimate z P-value  
Intercept -0.83 -0.63 0.53  
Water level 0.04 3.39 <0.001  
DWL1 -1.43 -3.66 <0.001  
Water filled pore space 0.04 2.15 0.03  

 
 
Measurement position  
Conditional R2 0.21   
Marginal R2 0.20   

 Estimate z P-value 
Intercept 1.31 2.61 <0.01 
Relative elevation  -2.33 -3.51 <0.001 
Distance from wetland 
boundary 

-0.03 -0.59 0.55 
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Table 1.6. Methane data from small open water ecosystems. N is the number of individual systems Values are average ± std dev and/or range (low–high). 
System type CH4 Concentrations (µmol L-1) CH4 Fluxes (mmol m-2 day-1) N Reference 
Forested wetlands/ponds 27 ± 4.6 (0.4 – 210) 10.8 ±18.5 (0.2 – 73) 4 Kifner et al 2018 
 11.3 ± 15.6 (0.54 – 71) 0.38 – 2.97 6 This study 
 33.4 (21.0 – 58.9) 10.6 ± 0.13 6 Holgerson 2015 
  (-0.12 to 3.36) 3 Morse et al 2012 
Prairie pothole wetlands 0.2 – 34.3 5.1 (0.30 – 36.5) 2 Martins et al 2017 
 6.1 – 15.7 0.7 – 13.3 3 Bortolotti et al 2016 
  (0.1 – 3.8) 62 Baidou et al 2011 
  0.63 ± 0.05 (-0.06 – 4.36) 1 Bansal et al 2018 
  (0.06 – 243.10) 119 Tangen et al 2015 
  (0.46 - 22.32) 88 Tangen and Bansal 2019 
Agriculture/aquaculture ponds 2.29 – 50.48 4.56 (2.16 – 55.68) 3 Yang et al 2019 
  7.2 ± 1.74 77 Ollivier et al 2019 
  0.93 – 87.58 (0.06 – 338.15) 22 Grinham et al 2019 
  16.43 ± 1.06 3 Yuan et al 2019 
Urban/stormwater ponds 1.62 (0.11 – 20.23) 1.89 (0.02 – 10.85) 40 Peacock et al 2019 
  0.93 – 36.78 7 Herrero Ortega et al 2019 
  1.25 ± 18.70 1 van Bergen et al 2019 
  22.59 (0.45 – 114.14) 15 Gorskey et al 2019 
Boreal/permafrost thaw ponds 9 (0.02 – 47)  146 Polishchuk et al 2018 
 3 – 40 (6.86 – 11.2) 30 Hamilton et al 1994 
 0.3 – 6.2 (0.01 – 12.8) 7 Matveev et al 2016 
 0.04 – 5.17 (0.03 – 5.62) 52 Laurion et al 2010 
 24 ± 3 9.35 ± 0.27 52 Kuhn et al 2018 
 1.1 (1.3 – 2.3) 1 Dabrowski et al 2020 
  (0.22 – 0.47) 2 Huttunen et al 2002 
Beaver ponds (7.1 – 17.3) 9.35 2 Yavitt et al 1992 
  15.6 (0.06 – 87.3) 1 Yavitt et al 1990 
  (8.66 – 57.3) 4 Bubier et al 1993 
  (0.87 – 1.0) 2 Ford and Naiman 1988 
  2.3 ± 1.9 1 Weyhenmeyer 1999 
  5.87 1 Roulet et al 1997 
  5.8 - 5.3 (1.12 – 34.66) 3 Lazar et al 2014 
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Table 1.7. Area and percentage of land cover classes overlapping palustrine wetlands 
in Upper Choptank River watersheds Tuckahoe Creek (HUC 0206000501) and Watts 
Creek (HUC 0206000502). Area subject to at least seasonal flooding intersects 
wetland polygons with NWI water regime modifiers C, E, F, and H (Seasonally 
Flooded, Seasonally Flooded/Saturated, Semi-permanently Flooded, and Permanently 
Flooded); area subject to temporary or intermittent flooding intersects wetland 
polygons with all seasonal flooding categories and those with modifiers A and J 
(Temporarily Flooded and Intermittently Flooded). Forest land cover is NLCD 
classes 41, 42, and 43 (Deciduous Forest, Evergreen Forest, Mixed Forest); Woody 
wetlands are class 90 and cultivated crops are class 82.  
 

  Tuckahoe 
Watts 
Creek 

Combined 

 Watershed area 399.7 km2 670.7 km2 1,069.6 km2 

Land cover Freshwater wetlands 
(NWI) 

12.8% 
51.19 km2 

17.4% 
116.79 km2 

15.7% 
167.98 km2 

Woody Wetlands 
(NLCD) 

16.3% 
65.3 km2 

23.7% 
158.3 km2 

20.9% 
223.5 km2 

Forest (NLCD) 
11.2% 

44.7 km2 
13.2% 

88.4 km2 
12.4% 

133.1 km2 

Cultivated crops (NLCD) 
65.2% 

260.4 km2 
54.3% 

364.1 km2 
58.4% 

624.5 km2 
Areas 

subject to 
at least 

seasonal 
flooding 

Forest & woody wetlands  
19.9% 

21.9 km2 
18.1% 

44.5 km2 
18.6% 

66.4 km2 

Forest 
3.2% 

1.4 km2 
2.1% 

1.9 km2 
2.5% 

3.3 km2 

Woody wetland  
31.3% 

20.4 km2 
26.9% 

42.7 km2 
28.3% 

63.1 km2 
Areas 

subject to 
at least 

temporary 
or 

intermittent 
flooding 

Forest & woody wetlands  
39.1% 

43.0 km2 
26.0% 

64.0 km2 
30.0% 

107.0 km2 

Forest 
8.7% 

3.9 km2 
6.1% 

5.4 km2 
6.9% 

9.2 km2 

Woody wetland  
59.9% 

39.1 km2 
37.1% 

58.7 km2 

43.7% 
97.8 km2 
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Figure 1.1: Locations of six forested wetland study sites (W1-6) within the Upper 
Choptank River watershed (Tuckahoe Creek HUC 0206000501 and Watts Creek-
Choptank River HUC 0206000502) and hydrologic regime classifications of National 
Wetland Inventory freshwater wetlands. 
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Figure 1.2: (a) Site design showing relative locations of wetland and upland surface 
water wells and soil flux chambers (not to scale); (b) Average (± sd) water level 
hydrographs at wetland well and chamber measurement points; (c) Topography, 
modeled inundation frequency, and locations of measurement points (dots) and 
wetland well (triangle) at one of the six wetland sites. Contour lines show 20 cm 
elevation increments from the lowest point of the wetland. 
 

  

Wetland 
well Surface 

inundation

Upland 
wellInterpolated 

water table 
depth

Soil chamber measurement points

A   B    C    D    E

a)

b) c)
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Figure 1.3: Overview of the four scaling models used to estimate wetland flux rates. 
Daily wetland-scale emissions are calculated from areal extent and flux rates from 1, 
2, or 3 wetland zones. Inundated area used in variable area Models (II, III, and IV) is 
determined from mean daily water level. Non-inundated source area (Models III and 
IV) is calculated as a buffer around the inundated area with a width sampled from a 
distribution of wetland-specific observations. The area of the non-inundated sink zone 
(only in Model IV) was calculated as the difference between the wetland boundary 
and the combined area of the inundated and non-inundated source zones. Flux rates 
for each of the 3 zones were sampled from wetland-specific distributions of the 
relevant measurements. 
 
 

  

Model I 
Fixed-area

Model II
Variable-area, 
excluding non-

inundated

Day 1 Day 2 Day 3 Day 4

Inundated source
Non-inundated source
Non-inundated sink
Wetland boundary

Model III
Variable-area, 

including all 
sources

Model IV
Variable-area, 

sources and 
sinks included
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Figure 1.4: Relationship between water level and methane flux rates. In (a) only 
fluxes near 0 are shown for greater detail. Points above the horizontal line are positive 
emissions and points below the line are negative (uptake). In (b) all flux values are 
shown on a log scale. Points to the left of the vertical line are from non-inundated 
soils and points to right of the vertical line are measurements from inundated soils. 
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Figure 1.5: Comparison of measured flux rates in each wetland zone when water 
level had risen or fallen during previous 7 days.  
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Figure 1.6: Seasonal patterns of air temperature and methane fluxes. a) daily air 
temperature from a nearby weather station, with orange points representing sampling 
events. Panels b, c, and d show monthly average flux rates by wetland site for 
inundated zones (b), non-inundated source zones (c), and non-inundated sink zones 
(d).  
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Figure 1.7: Correlation matrix between metrics summarizing hydrologic variability 
and methane flux rates at each measurement point. Nonsignificant correlations are 
indicated by X.  
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Figure 1.8: Distribution of hydrologic conditions (top) and measurement position 
(bottom) with positive (methane sources; red dots) and negative fluxes (methane 
uptake; gray dots). Lines show logistic models for the probability of positive 
emissions based on the value of each of the continuous variables. 
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Figure 1.9: Average difference in annual upscaled wetland emissions calculated 
using different sets of assumptions regarding inundation dynamics (see text and 
Figure 1.33 for model details). Error bars represent standard deviation across the 6 
study wetlands. Horizontal line at 64% indicates mean of Model IV. 
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Figure 1.10: Average wetland-scale areal flux rates for each of the study wetlands 
calculated using different sets of assumptions regarding inundation dynamics (see text 
and Figure 1.3 for model details). Error bars represent 95% confidence intervals from 
1,000 model iterations. 
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Chapter 2: Effects of Using High Resolution Satellite-based 
Inundation Time Series to Estimate Methane Flues from 
Forested Wetlands 

 

Introduction 

Global change is affecting the quantity, quality, and timing of material fluxes through 

ecosystems with consequences for the fate and transformation of carbon. Inland 

waters are now recognized as fundamental to understanding the global carbon cycle 

(Cole et al., 2007; Raymond et al., 2013; Tranvik et al., 2009) yet our ability to 

characterize carbon fluxes and their drivers at landscape and regional scales remains 

limited by available data on surface water extent and dynamics—particularly for 

forested wetlands, very small water bodies (e.g. ponds), and areas with temporally 

varying inundation. Collectively, these limitations represent a major shortcoming in 

our ability to account for methane emission sources, and at least one third of all 

uncertainty in the global methane budget (Melton et al., 2013; Saunois et al., 2020b). 

 

Methane emissions for lakes, ponds, reservoirs, streams, and rivers have been 

calculated by upscaling the best available data on flux rates and the areal extent of 

those waters by category (Saunois et al., 2020b). However, for wetlands, a 

combination of land cover maps, remote sensing data, and simulated hydrologic 

fluxes are used to calculate temporally varying methane producing areas as inputs to 

process-based biogeochemical models (Poulter et al., 2017b; Wania et al., 2012). 

Both approaches suffer from uncertainties associated with spatial and temporal 
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variation in inundation extent which is highly relevant for resolving sources and sinks 

of methane at global scales. This wetland extent problem contributes substantial 

uncertainty in methane budgets and limits our ability to identify drivers of recent 

increases in atmospheric concentrations (Thornton et al., 2016).   

 

Upscaling empirical data on gas flux rates to quantify freshwater methane emissions 

is fraught with biases, including inadequate representation of underlying drivers 

(DelSontro et al., 2018a; Seekell et al., 2014) and lack of consideration of seasonal 

events such as ice-out or non-growing season emissions (Treat et al., 2018). Despite 

advances in remote sensing of aquatic systems, identifying small water bodies 

remains a challenge because they are often optically complex, obscured by 

vegetation, or below the resolvable size of satellite sensors (Allen & Pavelsky, 2018; 

Kuhn et al., 2019). The resulting omission of forested wetlands, small water bodies, 

and inundation dynamics in land cover and surface water data sets is broadly 

recognized (DeVries et al., 2017; M. W. Lang et al., 2020), but its implications for 

methane emissions accounting is unresolved (Poulter et al., 2017b; Thornton et al., 

2016). This is despite recognition that headwaters and small water bodies play 

disproportionate roles in ecosystem processes (Hanson et al., 2007; Holgerson & 

Raymond, 2016b; Lowe & Likens, 2005) and may comprise the largest proportion of 

freshwater area (Bishop et al., 2008; Downing et al., 2006).  

 

The ability to monitor and detect surface water at higher spatial and temporal 

resolution is advancing through new technologies including sub-pixel methods 
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(DeVries et al., 2017), fusion with hydrologic models (Evenson, Golden, et al., 2018), 

satellite constellations (Claverie et al., 2018; Cooley et al., 2019), and applications of 

machine learning (Jia et al., 2018; M. W. Lang et al., 2020; Lee et al., 2019). 

However, most remote sensing applications for freshwater bodies remain focused on 

relatively large or unvegetated systems (Griffin et al., 2018; Kuhn et al., 2019; Pekel 

et al., 2016b) by excluding pixels influenced by fractional coverage of soil and 

vegetation (Ji et al., 2009). Using such methods is warranted to avoid classification 

errors associated with spectral unmixing (Halabisky et al., 2016), but it can also result 

in large uncertainties for carbon fluxes at regional or global scales (Melton et al., 

2013; Thornton et al., 2016; Treat et al., 2018) due to substantial underrepresentation 

of surface water extent (DeVries et al., 2017). Previous studies have explored inter-

annual variability in wetland extent (Huang et al., 2014b; M. W. Lang et al., 2020; 

Yeo et al., 2019) but investigation of intra-annual dynamics has generally been 

limited by availability of cloud-free leaf-off imagery. Further, most investigations 

have not characterized inundation patterns for individual wetlands (M. K. Vanderhoof 

et al., 2018) or used sub-pixel estimation techniques (DeVries et al., 2017; Yeo et al., 

2019) to account for the preponderance of small water bodies that result in mixed 

spectral signatures for pixels in 30 m resolution imagery.  

 

Discrepancies between top-down and bottom-up emissions tend to be largest from 

forested areas (Melton et al., 2013). Recent investigations into these discrepancies 

have uncovered new sources and emission pathways from trees (Pangala et al., 2017). 

Further, in tropical regions, wetland emission models underestimate emissions 
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compared to observations with the largest discrepancy in years with significant 

wetland flooding (Parker et al., 2018). Because surface water maps exclude most 

under-canopy inundation, evasion from these inundated regions may also play an 

important role in explaining emissions from seasonally dynamic temperate forested 

areas that are not reproduced in existing wetland models.  

 

This study was designed to fill gaps in our understanding of how forested wetland 

size and temporal variation in inundation influence watershed-scale estimates of 

methane emissions. We combine elements from both the wetland and inland water 

calculation approaches described above to estimate one year of diffusive methane 

emissions from forested wetlands across a 347 km2 mid-Atlantic Coastal Plain 

watershed. We use fine resolution frequent-repeat remote sensing imagery to estimate 

daily surface water extent at the wetland scale as inputs to field-validated semi-

empirical models for calculating methane emissions. As in other studies, we assume 

surface water extent is a proxy for methane producing area. Results demonstrate that 

i) excluding inundation variability increased modeled methane emission totals by 66–

105%, but ii) excluding small water bodies (< 1,000 m2) reduced inundation estimates 

by 30% and subsequent emissions by 38–51%. 

Methods 

Study area 

Our study site, the 347 km2 Greensboro watershed, is on the Delmarva Peninsula 

(Maryland, USA), a low-gradient coastal plain landscape defined by poorly drained 
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soils and the persistence of small depressional forested wetlands surrounded by 

extensive ditch-drained agricultural land (Figure 1; Jones et al., 2018). Known as 

Delmarva Bays, these wetlands range in size from small closed canopy wetlands 

(<0.5 ha; similar to vernal pools in the northeast) to large open canopy wetlands (>5 

ha; similar to Carolina Bays) (Phillips & Shedlock, 1993b). Typically they dry 

seasonally, having maximum inundation during the winter and decreasing water 

levels through the spring and summer due to evapotranspiration and agricultural 

groundwater withdrawal (Lee et al., 2020).   

 

Draining to the Chesapeake Bay via the Choptank River, this watershed has been the 

focal point for extensive research (e.g., Ator & Denver, 2012). Land cover is mainly 

cultivated crops (50.5%), woody wetlands (31.5%), and deciduous forest 7.7% (Jin et 

al., 2019). We define wetlands using a previously developed dataset of topographic 

depressions (M. K. Vanderhoof & Lang, 2017) that were derived using the Stochastic 

Depression Analysis Tool (Lindsay, 2016a; Wu et al., 2014) and filtered using a 

minimum size of 50 m2 and surface water extent classified from April 2015 

Worldview 3 imagery (M. K. Vanderhoof et al., 2018). Polygons generally co-occur 

with features in the National Wetlands Inventory but they are more numerous, cover 

less total area, and are more spatially aligned with surface water extent. We subset 

this dataset to only those within woody wetlands land cover using the 2016 National 

Land Cover Database (Jin et al., 2019). This approach resulted in 5,118 forested 

wetland depressions (46% of those in the watershed), which we refer to as focal 

wetlands.  
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Remote sensing for surface water classification 

Daily time series of surface water extent for each focal wetland were calculated using 

3 m resolution PlanetScope imagery (Figure 2.1; Planet, 2018). We downloaded 421 

PlanetScope 4-band Analytic OrthoScenes that overlapped the study watershed and 

had less than 1% cloud cover. These were taken across 98 days in the 2018 water 

year, during which wetland surface water levels were monitored in the field. All 

images were Surface Reflectance products, which were atmospherically corrected 

using the 6SV2.1 radiative transfer model (Planet, 2018; Vermote et al., 1997). 

Images were masked to exclude low quality pixels indicated by the unusable data 

mask provided with each image. Then, we calculated a suite of spectral indices from 

the four bands in each image, including Normalized Difference Water Index 

(McFeeters, 1996), Normalized Difference Vegetation Index (Tucker, 1979), 

saturation, luminescence, and chroma (Zeileis et al., 2019), resulting in 9 variables for 

each pixel. 

 

Training data for surface water and non-water classes were based on the National 

Wetlands Inventory, the 2016 National Land Cover Database, and the wetland 

depressions dataset developed by (M. Vanderhoof et al., 2018). We defined surface 

water as Freshwater Pond (n = 655) and Lake (n = 1) classes in the National Wetlands 

Inventory, which are classified as permanently (99%) or semi-permanently (1%) 

flooded. We defined non-water areas using the National Land Cover Database’s 

forest and forested wetland classes minus pixels falling within 10 m of any National 
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Wetlands Inventory polygons or topographic depressions. For each image, pixel 

values for the 9 bands in the training regions were extracted and a random sample 

was used to train a random forest model that was then applied to the image. To select 

the best model for each image, up to 500 models were trained using random discrete 

sampling of a hyperparameter tuning grid varying the number of trees, which 

variables were sampled at each level, minimum node size, and sample rate. The 

model with the highest area under the precision-recall curve was selected as the best 

model for that image. Model performance was evaluated using internal model error 

statistics as well as comparisons with surface water extent calculated independently 

from field water level data (which was not used in model training).  

 

For each classified image, we extracted pixel values within a 10 m buffer around each 

focal wetland to calculate the predicted inundation area (Figure 2.2b). We used the 

buffer to account for the 10 m geolocation uncertainty in the optical data (Planet, 

2018), as well as potential expansion of inundation beyond topographic spill points, 

as is common in this landscape (Jones et al., 2018b). Where buffering resulted in 

overlaps between nearby polygons, any pixels that were classified as surface water 

were allocated to the wetland with the nearest centroid. Images that provided less than 

90% coverage of the area of any wetland were excluded from its time series. Average 

time between usable images of each focal wetland was 6 days, resulting in a time 

series with 50-102 predictions across the year for each focal wetland. Average 

maximum time between consecutive usable images was 32 days but ranged up to 74 

days. We converted the irregularly spaced predictions into a daily time series for each 
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focal wetland using a 50-day rolling median. Time series with gaps longer than 50 

days (1%) were excluded from total inundated surface area. 

 

Field measurements 

For comparison to areal extent of surface water estimated from remote sensing 

imagery, surface water extent was measured in the field at 6 wetlands in the study 

region (Figure 2.1). Water level was monitored in surface water wells at each wetland 

center using pressure transducers (Onset HOBO U20L level loggers) recording every 

15 minutes. We calculated a daily time series of inundation extent for each wetland 

using binary classification of a 1 m LiDAR-based digital elevation model (Lang et al., 

2012) using mean daily water level with a raster-based approach similar to Jones et 

al., (2018). Estimates were validated using monthly observations of water extent 

along a fixed transect at each wetland as well as surveys around the perimeter of 

maximum observed inundation extent in mid-March 2018.   

 

Methane emissions model 

Daily diffusive methane emissions were calculated using wetland-specific flux rates 

and predicted daily surface water extent time series from the random forest 

classification models (Figure 2.2c). We developed three models (hereafter referred to 

as models A, B and C) using variations of a semi-empirical flux rate equation based 

on the synthesized global dataset of methane concentrations described by Holgerson 

and Raymond (2016) and validated with field measurements at 6 wetlands in the 

study area (described in the following section). Model A predicted daily flux rates by 
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sampling the lognormal distribution of the appropriate logarithmic size class for each 

wetland. For models B and C, daily flux rates for each wetland [n] were determined 

using Equation 2.1 with daily air temperature and atmospheric pressure from a nearby 

weather station to calculate gas exchange rates and equilibration concentrations of 

1.85 ppm atmospheric methane for each day [i] (Winslow et al., 2016): 

  !"#$!,# = &!,# × ()$%[!] − )(%[#]+  (Equation 2.1) 
 
Caq[n] is a time-invariant methane concentration for each wetland [n] based on its size. 

Gas exchange rates were calculated using daily temperature values and the size-class 

specific k600 values described in Holgerson and Raymond (2016).  

 

For model B, Caq[n] was randomly sampled from a lognormal distribution based on 

the size class of each focal wetland’s original area, and for model C, Caq[n] was 

predicted from the area-concentration regression model. Because forested wetlands 

are a high outlier for methane on the relationship between water body size and 

methane concentration reported by Holgerson and Raymond (2016), our calculated 

emissions are likely a conservative estimate. We estimated flux rate uncertainty using 

Monte Carlo resampling to generate a distribution of emission estimates for each 

wetland by running each model 1,000 times. Cumulative annual emissions across all 

wetlands were calculated using Equation 2, where SWE[n,i] is the surface water 

extent of depression [n] on day [i] calculated from the classification model time 

series:  

,-./"	123443-54 = 	∑∑!"#$!,# × 781!,# (Equation 2.2) 
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We evaluated the effects of different model assumptions by calculating total annual 

methane emissions under each model with and without changes in surface water 

extent, based on the original area of each focal wetland. Models accounting for 

changes in surface water extent we call dynamic area models; models not accounting 

for these we call static area models.  

Methane emissions model validation using field measurements 

Methane flux rates from aquatic systems are characterized by a great deal of 

uncertainty, with variability often exceeding the average value of observations. The 

modeling approach used in this study used the best available data synthesis in the 

literature (Holgerson & Raymond, 2016a), which showed that some degree of 

variability in dissolved methane concentrations may be explained by the size of the 

water body. Summary statistics of concentrations and flux rates are reported for 7 

logarithmic size classes. The most relevant for the present study are the two smallest 

size classes (<0.001 km2 and 0.001-0.01 km2), which account for 75% and 23% 

respectively of the focal wetlands and consequently comprise the majority of 

emissions in modeling results (Table 2.1). 

 
We used monthly measurements of methane concentrations and flux rates collected 

described in Chapter 1 to validate our modeling approach. Flux rates were calculated 

using a combination of 24-hour static chamber incubations and the turbulent 

boundary layer method (i.e. based on dissolved gas measurements). For the latter, gas 

transfer velocities calculated from wind speed and thermal convection were validated 

with floating chamber incubations. Measurements were collected monthly over the 
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2018 water year. These wetlands were all topographic depressions that overlap with 

the definition of focal wetlands in this study. They generally fell into the smallest size 

category, or just above the threshold into the second smallest size class at just over 

1,000 m2. Although there was not a relationship between size and methane 

concentrations or fluxes among the wetlands we studied, the magnitude and range of 

their values were in line with the distributions reported in Holgerson and Raymond 

(2016). The two largest sites (1,716 m2 and 1,016 m2) did not have significantly lower 

concentrations or flux rates than the smallest size class sites, however for all sites 

average flux rates fell within the 95% confidence intervals of the Monte Carlo 

estimates of modeled flux rates with all three modeling approaches (A, B, C). 

Average concentrations measured in the field (Table 2.2) fell within 1 standard 

deviation of the mean for distributions in Table 2.1 for 5 of the 6 sites. One site in the 

second smallest size class receives surface inflow from a ditch and had concentrations 

in line with the smallest size class. Overall, this comparison shows that the magnitude 

and range of methane fluxes used in our modeling approach is a reasonable 

representation of diffusive flux rates from forested wetlands in our study region. 

 

Results 

Magnitude and variability of predicted surface water extent 

Total predicted surface water extent within focal forested wetlands across the 

watershed ranged from a low of 1.3 km2 in late July to 6.2 km2 in early April, with an 

average of 3.75 km2. This area was an order of magnitude higher than maximum 

extent reported for the watershed in the global surface water area database (0.70 km2; 
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(Pekel et al., 2016b)) and represents 2.5-5.7% of the entire watershed area, 50-113% 

of the area of topographic depressions, and 10-23% of the total area of National 

Wetlands Inventory palustrine wetlands (U. S. Fish and Wildlife Service, 2019).  

 

Classification model performance 

Classification models were sufficiently able to discriminate between water and non-

water areas. Internal model performance statistics indicated a good ability to 

discriminate between water and non-water training regions, especially based on 

differences in the near-infrared band (780-860 nm). Variable importance scores 

indicated that the near-infrared band, along with Normalized Difference Vegetation 

Index and Normalized Difference Water Index, were the most informative predictors, 

on average accounting for 20-30% of variability between pixel values in upland and 

water training regions. The area under the precision-recall curve averaged 0.96 (range 

0.833 to 0.99), with the lowest values for images collected between November 2017 

and January 2018. Root mean square error averaged 0.263 and ranged from 0.02 to 

0.42, also with the lowest accuracy in November and December 2017, and highest in 

spring and summer 2018.  

 

Comparisons between field-based and satellite-based inundation time series show that 

our modeling approach was able to quantify the magnitude of seasonal changes in 

surface water extent for individual wetlands, even for those smaller than 1,000 m2. 

For the field-monitored wetlands, the maximum predicted extent and range from 

classification models were significantly related to observed values (r = 0.91, r = 
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0.83, respectively; a = 0.05). However, the models consistently underpredicted May 

and June 2018 surface water extent and overestimated November 2017 surface water 

extent (Figure 2.3). Monthly averaged residuals between field and satellite-based 

wetland areas were largest during these two periods (Figure 2.3b), but only in autumn 

2017 was model accuracy also low (Figure 2.3a). The Nash-Sutcliffe criteria to 

evaluate model efficiency indicated poor fit (NSE <0.5) between the daily simulated 

and observed water extents.  

 

Methane emission totals under different model assumptions 

Calculating watershed methane emissions using a time series approach to quantify 

variation in surface water coverage resulted in total estimated annual emissions 49-

62% lower than when static wetland sizes were used (Figure 2.4a). Using the 

concentration-area regression flux model (C) resulted in higher emission totals than 

either the size category flux (A) or size category concentration (B) models, but in all 

three cases the difference between the dynamic and static models was substantially 

greater than variability associated with methane flux rate uncertainty. We also 

observed that small wetlands (< 1 ha) were responsible for a considerable proportion 

of modeled emissions. Although the static area models overestimated emissions for 

any given minimum wetland size threshold, they are only overestimates compared to 

the best estimate of total emissions if wetlands smaller than 1,000 m2 are included. 

Excluding these resulted in an underestimate of total emissions by at least 10% and 

excluding wetlands smaller than 0.01 km2 underestimated emissions by at least 75% 

(Figure 2.4b). 
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Discussion 

We demonstrate that accounting for inundation and variable surface water extent in 

forested wetlands significantly influences calculations of diffusive methane emissions 

from a low-relief wetland-rich watershed. Specifically, we show that: i) previous 

limitations in quantifying surface water extent at the global scale will typically result 

in underestimates of methane emissions from forested wetlands; ii) as spatial 

resolution of wetland map products improve, accurate estimates of emissions will 

require improved quantification of intra-annual surface water dynamics; and iii) while 

fine-resolution frequent-revisit satellite imagery can help address these gaps, our 

ability to detect and monitor sub-canopy inundation during the late growing season is 

still limited. Below we discuss modeling inundation dynamics in forested wetlands 

and implications for the global methane budget in more detail.  

 

Modeling inundation dynamics of forested wetlands using high resolution 

satellite data 

This study shows that it is possible to quantify intra-annual surface water dynamics in 

small forested wetlands (< 1,000 m2) using optical satellite data that has both fine 

spatial and high temporal resolution. Although classification models were able to 

produce inundation time series with similar patterns to the field-based time series 

(Figure 2.3), they also had consistent inaccuracies, demonstrating that optical imagery 

alone does not accurately represent the timing of surface water dynamics in forested 

wetlands, especially after leaf-out. 
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In fall 2017, satellite-derived surface water extent was overestimated compared to our 

field measurements. We hypothesize this is attributable to unreliable classification of 

“permanent” water features in the National Wetlands Inventory, i.e. many of these 

water bodies are actually seasonal. Few alternatives exist for accurate training data at 

spatial resolutions necessary to identify the smallest water bodies, and quantitative 

information on hydrologic regimes is even less common. Even though the National 

Wetlands Inventory is very detailed and thematically rich, it has known inaccuracies 

in the Delmarva region (Fenstermacher et al., 2014b). Whereas variability in 

radiometry between Planet images required using image-specific models in this study, 

data from a more consistent sensor constellation (e.g., Claverie et al., 2018) could 

potentially be used with a more universal classification model based only on training 

data from time points and locations where inundation status is known with more 

certainty. However, seasonal and event-driven patterns of suspended sediment, 

chlorophyll a, and dissolved carbon (Hosen et al., 2018a) could affect the optical 

properties of these water bodies in ways that would impact model reliability. 

  

In 2018, underestimates of surface water area in May and June coincided with the 

timing of canopy leaf-out. We hypothesize that underestimates are attributable to the 

lag between structural change in the forest canopy and the subsequent regional 

contraction of surface water extent (Figure 2.3a; Fisher et al., 2010; Lee et al., 2019). 

Canopy cover developing above areas that remain flooded, such as on the periphery 

of wetland depressions, obscures surface water in optical imagery. Improved methods 
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for inundation detection under forest canopies may be possible using synthetic 

aperture radar (Lang et al., 2008; Lang & Kasischke, 2008), combinations of optical 

and Lidar intensity data (Lang et al 2020), or improved integration with field 

monitoring and hydrologic models that account for upland topographic depressions 

(Evenson et al., 2018). While long-wavelength synthetic aperture radar sensors have 

been shown to be sensitive to under-canopy inundation in forested wetlands (Arnesen 

et al., 2013; Xaypraseuth et al., 2015), these data are not yet publicly available. Future 

satellite missions like the NASA-ISRO SAR (NISAR) mission, planned for launch in 

2022, will provide repeat long-wavelength synthetic aperture radar imagery and thus 

play an important role in improving estimates of surface water dynamics in forested 

wetlands. 

 

Implications for upscaling methane emissions 

As field studies continue to document high concentrations of methane in aquatic 

ecosystems previously overlooked as sources of emissions (Bastviken et al., 2011; 

Stanley et al., 2015), inventory-based emission estimates of global freshwater 

methane fluxes have become larger, more uncertain, and more at odds with top-down 

estimates in the global methane budget (Saunois et al., 2020b). Our results show that 

for a given set of water bodies, inventory-based emission estimates can be too high in 

areas where inundation extent fluctuates on a seasonal basis. However, non-

permanent water bodies are also likely to be underrepresented in surface water 

products or mis-classified in existing landcover products due to their small size and/or 

obscuration by forest cover. Because the highest resolution global surface water 
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dataset is based on non-mixed 30 m pixels (Pekel et al., 2016b), water bodies < 

~1,000 m2 will be absent. At this threshold, the opposing effects of inundation 

dynamics and missing hidden/cryptic water bodies were of similar magnitude and 

resulted in a 10% underestimate of annual totals.  

 

Understanding the source of methane is important for mitigation strategies and 

policies aimed at reducing carbon emissions from local to global scales. Traditional 

upscaling approaches for greenhouse gas emissions from freshwaters can be 

misleading for determining the dominant factors driving emissions (DelSontro et al., 

2018a). Our results suggest that for the Greensboro watershed, the water level 

drawdown in natural forested wetlands considerably reduces methane producing 

areas. Where forested wetlands are lost and replaced with wetlands without a similar 

hydroperiod, such as many wetland mitigation projects (e.g., created ponds) that 

result in a net increase in total surface area (Dahl, 2011a), methane emissions are 

likely to be higher. Farm ponds and other small artificial water bodies have also been 

shown to have higher methane emissions on a per-area basis (Grinham et al., 2018b; 

Ollivier et al., 2019), and a relatively constant water level only exacerbates this 

difference because natural wetlands have reduced surface water extent during the 

warmest months when methane production rates could be the highest. The ability to 

detect and monitor under-canopy inundation should improve with new space-borne 

longer wavelength synthetic aperture radar (Arnesen et al., 2013; Xaypraseuth et al., 

2015); as these capabilities improve accurately quantifying ecosystem functions of 

forested wetlands will also require information at high temporal resolution. Future 
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studies may leverage these improved technologies to better understand the role 

forested wetlands are playing in regional and global methane cycles by more 

accurately quantifying the hydrologic processes underlying methane flux to the 

atmosphere from inland waters.  
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Table 2.1. Characteristics of methane concentration and flux distributions from 
Holgerson and Raymond (2016) for each water body size class and the representation 
of size classes within the forested wetlands dataset used in this study.  

 
Size class (km2) Concentration 

Mean (sd) 
Flux Mean 

(sd) 
Fraction of 

focal wetlands 
(count) 

Fraction of 
focal wetlands 

area 
<0.001 7.57 (11.60) 2.28 (3.6) 75% (3,850) 17% 

0.001 – 0.01 1.70 (2.19) 0.65 (0.72) 23% (1,157) 48% 
0.01 – 0.1 0.68 (0.83) 0.28 (0.46) 2% (109) 32% 

0.1 – 1 0.36 (0.65) 0.16 (0.37) 0% (2) 3% 
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Table 2.2. Average methane concentrations and fluxes measured in 6 forested 
wetlands within the study region. N indicates the number of concentration 
measurements made at each site.  

 
Wetland Size category N Concentration 

Mean (sd) 
Flux Mean 

(sd) 
W1 <0.001 km2 8 14.7 (9.8) 1.98 (1.32) 
W2 <0.001 km2 9 7.57 (9.1) 1.02 (1.23) 
W3 <0.001 km2 8 3.05 (1.9) 0.41 (0.26) 
W4 <0.001 km2 10 22.0 (22.9) 2.97 (3.09) 
W5 0.001 – 0.01 km2 10 2.84 (2.63) 0.38 (0.35) 
W6 0.001 – 0.01 km2 9 16.8 (21.2) 2.27 (2.86) 
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Figure 2.1. Study area showing location of the Greensboro watershed and forested 
wetlands. Wetland boundaries, monitoring locations, and surface water classification 
model predictions for 2 images are shown over corresponding color-corrected 
PlanetScope Visual Ortho Scenes (Planet, 2018). 
 

 
  

2018-04-26

2018-05-26
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Figure 2.2. Image classification and emissions model workflow. a) Image-specific 
supervised classification models developed using original 4 bands (R, G, B, NIR) and 
derived indices NDVI, NDWI, saturation, chroma, and luminesce; b) Daily surface 
water time series derived for each focal wetland from predicted surface water area 
within each polygon boundary across all images; c) Methane emissions for each 
wetland (n) on day (i) derived using semi-empirical models to produce annual 
estimates of basin-wide emissions 
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Figure 2.3: Comparison between inundation time series developed from field 
monitoring and satellite data. a) Inundation time series from two wetlands comparing 
field data and predictions from image-based classification models, along with 
estimates from individual images (points) shaded by model error rate. b) Average 
monthly residuals (± sd) between model predictions of SWE from image 
classification and field data for all observations across the 6 wetlands with field water 
level data 
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Figure 2.4: Total annual diffusive methane emissions for focal wetlands calculated 
using different model assumptions. a) Total emissions for time-varying (blue) vs. 
static (orange) estimates of SWE using the 3 semi-empirical diffusive flux models 
described in Section 2.4. Error bars represent 5% and 95% quantiles from 1,000 
model iterations. b) Total emissions for time-varying vs. static SWE with different 
minimum wetland size thresholds.    
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Chapter 3: Quantifying hydrologic fluxes of dissolved methane 
from headwater wetlands 

 

Motivation 

The net climate impacts of wetland restoration remain uncertain due to continued 

documentation of high methane emissions in many restored wetlands (Hemes et al., 

2018; Ojanen & Minkkinen, 2020; Treby et al., 2020). Whereas wetlands impacted by 

drainage are susceptible to losing soil carbon as carbon dioxide, reversing those 

impacts by increasing water storage capacity can provide favorable conditions for 

high rates of methane production (Badiou et al., 2011). Current methods for 

evaluating this tradeoff focus on comparing greenhouse gas emissions with accretion 

of soil carbon (Mitsch et al., 2013). However, this approach typically overlooks 

hydrologically mediated fluxes—including transport of dissolved methane out of 

wetlands in runoff and drainage channels. Although methane is a small portion of 

aquatic carbon budgets (Drake et al., 2018; Kindler et al., 2011), it plays a 

disproportionate role in net radiative forcing and is therefore particularly important 

for evaluating effectiveness of widely used forms of wetland restoration. 

 

Flow modification in the form of dams or beaver structures has been shown to 

increase methane emissions as well as downstream dissolved methane concentrations 

(Crawford et al., 2016; Guérin et al., 2006; Lazar et al., 2014); however, hydrologic 

fluxes are not typically included in assessing the net carbon balance of restored 

wetlands. When lateral fluxes are included, they are generally quantified with much 
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less detail, including simplifying assumptions about the water budget (e.g. assuming 

no exchange with groundwater), and using measures of dissolved carbon that exclude 

volatile forms (Chu et al., 2015; D′Acunha et al., 2019; S.-C. Lee et al., 2017). 

However, wetland outflows may also contain dissolved methane, which can be 

transported downstream and evaded to the atmosphere far from its source (Figure 

3.1). Increasing the potential for that methane to be oxidized or consumed instead of 

evaded could have measurable benefits on a wetland’s net radiative forcing. 

Conversely, failing to account for the hydrologic export of this methane as a sink for 

wetland carbon may underestimate baseline levels of greenhouse gas production, 

ultimately limiting our ability to evaluate the net effectiveness of wetland restoration 

and emissions mitigation.   

 

Studies in recent years have made significant advancements in quantifying, modeling, 

and mapping the nature of hydrologic connectivity between headwater wetlands and 

downstream waters (Golden et al., 2014; Jones et al., 2019; McLaughlin et al., 2019; 

Wu et al., 2019); however, we are only beginning to understand the ecological and 

biogeochemical significance of those connections, e.g. for the transport of dissolved 

gases (Cohen et al., 2016). Many headwater wetlands have natural or man-made 

surface channel outlets that provide hydrologic connections to the stream network at 

least seasonally or intermittently (Epting et al., 2018; Hosen et al., 2018b), and recent 

studies suggest that wetlands can be reliable sources of methane to perennial streams, 

especially during periods of high hydrologic connectivity (Abril & Borges, 2019; Aho 

& Raymond, 2019). How much of the total wetland-derived methane is advected 
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downstream will depend on flow conditions and geomorphic factors that control gas 

exchange in stream channels (Raymond et al., 2012). Some studies show that streams 

can completely outgas most carbon inputs from groundwater within tens or a few 

hundred meters of soil-stream interfaces (Kuhn et al., 2017; Maurice et al., 2017; 

Rocher‐Ros et al., 2019), while others suggest that methane can travel dozens of 

kilometers downstream in low-gradient systems before evasion (Abril et al., 2014; 

Harms et al., 2020).  

 

Determining if hydrologic fluxes of dissolved methane are important for assessing 

wetland restoration outcomes depends on (1) whether the magnitude of that flux 

comprises a substantial portion of a wetland’s total methane output, and (2) whether 

wetland-derived methane that would have otherwise reached the stream network has a 

different fate (i.e. storage or oxidation to carbon dioxide) after restoration. Here, we 

present a framework for quantifying hydrologic fluxes of dissolved methane in the 

context of wetland restoration practices that are commonly employed in low-gradient, 

coastal plain landscapes (De Steven & Gramling, 2012; Jones et al., 2018a). These 

techniques “plug ditches” to rehydrate legacy wetlands previously drained for 

agriculture or mosquito control with the aim of restoring natural wetland flow 

regimes.  
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Conceptual framework 

We define the total methane output from a wetland as the sum of atmospheric evasion 

from the wetland (!)*!+$,-) plus the hydrologic flux of dissolved methane out of the 

wetland (!)*!+$%):  

!)*! = !)*!+$,- + !)*!+$% (Equation 3.1) 

Hydrologic flux of dissolved methane !)*!+$% (mg day-1) is defined as the product of 

surface water methane concentration ():.) and wetland discharge (;/0,):   

!)*!+$% = ;/0, × ):.. (Equation 3.2) 

We limit our focus to surface waters where, compared to subsurface flowpaths, there 

is less of a probability that methane is microbially processed and converted to CO2 

before evasion (Rasilo et al., 2017). Areal flux rates of atmospheric evasion !)*!+$,- 

(mg m-2 day-1) can be calculated with the turbulent boundary layer method (Cole et 

al., 2010) using a gas exchange rate k (m day-1), and the difference between surface 

water and air-equilibrated ():.(%) dissolved gas concentrations:  

!)*!+$,- = & × ():. − ):.(%+.  (Equation 3.3) 
 

To compare these fluxes in the same units (mg day-1), !)*!+$,- is multiplied by the 

methane-producing area (A, m2) of the upstream wetland or catchment. We also 

define <$% (unitless) as the hydrologic portion of total methane output: 

<$% =	
1"#!$%&

1"#!$%&231"#!$%'(×56
. (Equation 3.4) 

Finally, we determine how far wetland-derived methane can travel in surface 

channels before being off-gassed using a one-dimensional linear advection model 

(Abril et al., 2014; Aho & Raymond, 2019). This model simulates evasion using a 



 

 

70 
 

flux model based on gas transfer and partial pressure differences between stream 

water and atmospheric equilibrium, and advection using flow velocity.  

Application to a headwater wetland catchment 

Approach overview 

We applied this framework to estimate !)*!+$% and <$% for a headwater wetland 

catchment in a heavily modified low-gradient wetland-dominated landscape in the 

mid-Atlantic coastal plain, where much of the landscape has been drained for 

agriculture and ongoing restoration efforts seek to increase water tables and storage 

capacity (Fenstermacher et al., 2014a; M. Vanderhoof et al., 2020). Many of the 

remaining wetlands experience spill-fill hydrology, i.e. the wetlands fill until they 

reach their water storage capacity and can then spill to downgradient areas (Evenson 

et al., 2018; Jones et al., 2018a). Some of these channels connect headwater forested 

wetland complexes to the perennial stream network between approximately 

December and July (a staggered effect of reduced evapotranspiration), depending on 

catchment topography and drainage density (Epting et al., 2018), making this an ideal 

landscape for investigating the potential role of !)*!+$% in transporting wetland 

methane.   

 

We measured methane concentrations in wetland surface water with the headspace 

equilibrium method (Goodman, 2018; Magen et al., 2014) and calculated ;/0, using 

stage measurements and a 90o v-notch weir installed in an intermittent channel ~5m 

downstream of the wetland outlet. Topographic analysis indicates the catchment is 
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approximately 42.5 ha and the wetland depression drains an area of approximately 

0.56 ha with a maximum inundated area less than 0.2 ha (2,000 m2). Daily estimates 

of surface water extent were used as proxies for methane-producing areas of the 

upstream wetland sub-catchment and catchment (Hondula et al., 2021). We calculated 

daily, seasonal, and annual <$% for both the wetland and catchment scale over a 3-

year period (2018-2020) using both a high and low estimate for k. We ran the 

advection model over the same time period using one-minute timesteps and inputs 

over a range of parameter space representative of the landscape, which were 

determined from a 1 m digital elevation model and a hand-edited stream networked 

developed for the region (M. Vanderhoof et al., 2018). See the section at end of this 

chapter (“Detailed methodology”) for additional information.  

 

Magnitude and variability of hydrologic methane flux 

Model results show that for wetlands with surface water outflow channels, hydrologic 

export can comprise substantial portions of wetland produced methane. This 

contribution was highly dependent on flow status and assumptions about gas 

exchange, but on rare high-flow occasions the amount of dissolved methane in 

hydrologic fluxes could exceed gaseous methane evasion from the upstream wetland 

(i.e., <$% > 50%) and account for ~20% of catchment export. The outflow channel 

recorded intermittent flow between 134 (37%) and 259 (71%) days each year, with 

annual runoff ranging between 26 and 36% of precipitation (Figure 3.2). Daily 

!)*!+$% ranged up to 1.15 g/day, which we estimated to be up to 76% of total daily 

wetland !)*! (<$% ≤ 76%) and up to 25% of daily catchment !)*!. Annual !)*!+$% 
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ranged between 21-41 g, which accounted for 23-37% total !)*! from the upstream 

wetland and between 3-5% of !)*!  from the entire catchment. <$% at both the 

catchment and wetland scale was generally very low (<2%) in summer and fall when 

there was lack of flow, except in 2020 which had a relatively wet summer (Figure 

3.3). Using a high gas exchange rate for !)*!+$,- reduced  <$% to at most 38% and 

6% at daily sub-catchment and catchment scales respectively, and 6-10% and 1% at 

annual sub-catchment and catchment scales. Sampling daily ):. from a uniform 

distribution rather than a lognormal distribution increased !)*!+$% estimates up to 

1.62 g day-1 and 32-62 g yr-1.  

 

Transport model results indicate that only for streams with the highest slopes in this 

landscape will a parcel of water off-gas the majority of its methane before reaching 

the stream network (Figure 3.4). Slope had a large influence of the distance wetland-

derived dissolved methane traveled, with notable variations at the lowest velocities. A 

high percentage of initial methane concentrations remained over the distances 

between wetland depressions and the stream network in this landscape (<400m).  For 

slopes more gradual than the mean value estimated in this landscape, more than ~60% 

of the initial methane was estimated to remain in the stream after 400km.  An 

exception is at the combination of the lowest velocities (and highest slopes), where 

the model estimates that 50% of the methane is lost within < 150 m. 



 

 

73 
 

Implications for methane emissions mitigation 

Our results suggest that hydrologic fluxes of dissolved methane can comprise a 

substantial portion of wetland methane output. Because drainage channels—the 

conduits for !)*!+$%—are often directly modified by restoration projects to reverse 

the impacts of drainage (De Steven & Gramling, 2012), a better understanding of the 

magnitude and variability of !)*!+$% 	is needed to inform ongoing efforts to 

operationalize accounting protocols for carbon emissions mitigation in aquatic 

systems (Anderson et al., 2016; Rosentreter et al., 2021). Studies comparing 

greenhouse gas emissions before and after hydrologic restoration that do not account 

for !)*!+$% 	 may be under-estimating pre-restoration emission totals and therefore 

risk mis-interpreting the net climate impacts of restoration efforts. Interestingly, 

!)*!+$% 	and <$% were typically highest during non-growing seasons and periods of 

high discharge, which are periods generally associated with lower wetland methane 

emissions (Hondula, Jones, et al., 2021; Melloh & Crill, 1996).  

 

Other recent studies have demonstrated an overlooked but important role of lateral 

hydrologic fluxes in determining net ecosystem carbon balances (Webb et al., 2019). 

For example, D’Acunha et al (2019) found that including the dissolved organic 

carbon in drainage from a restored wetland during the non-growing season increased 

estimates of the wetland’s carbon export by 21% on top of eddy covariance-based 

estimates. Because flow regime changes can also affect emissions indirectly through 

effects on plant productivity and composition (Cooper et al., 2014; Vanselow-Algan 

et al., 2015), it is important that changes to !)*!+$% 	must be interpreted alongside 
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other changes to total !)*!. Additionally, although we assumed ):. to be 

chemostatic with flow conditions, studies have shown that methane concentrations 

can be highest during high flow conditions (Aho & Raymond, 2019; Blackburn & 

Stanley, 2021), making it more important to include this pathway even if surface 

flows are only seasonal or episodic (Epting et al., 2018). 

 

Overall, data suggest a need to integrate lentic and lotic perspectives on greenhouse 

gas emissions from headwater freshwater ecosystems where systems are well-

connected across terrestrial-aquatic interfaces. Methane concentrations in wetland 

surface waters of our study area range over two orders of magnitude (0.5-70 umol L-1; 

Hondula, Jones, et al., 2021), similar to values reported for streams in southern 

Sweden (Wallin et al., 2014), urban/stormwater ponds (Peacock et al., 2019), and 

permafrost thaw ponds (Kuhn et al., 2018; Laurion et al., 2010; Polishchuk et al., 

2018). These values are high compared to average concentrations in streams (Stanley 

et al 2016), so if even a portion of this methane makes it to the downstream network it 

would result in local hotspots in streams. In the Upper Choptank river watershed, 

approximately half of the wetland depressions can be connected to the stream 

network during wet years (M. Vanderhoof et al., 2018), with a maximum distance 

between wetland depressions and stream network less than 500 m (M. Vanderhoof et 

al., 2016). Much of the methane produced in wetland soils has the potential to reach 

that perennial stream network, which means it may be off-gassed far from its source 

and importantly, potentially outside the measurement footprint of gas sensors 

monitoring an upstream wetland. Data from flux towers with large footprints that 
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include ditches suggest these features have an outsized influence on emissions (Desai 

et al., 2015); however, it is unclear what proportion of gases are produced in ditches 

versus advected in runoff from drained upland systems (Romeijn et al., 2019). This 

also has implications for efforts to upscale emissions from ditch networks. Because 

drainage from wetland areas may be a source contributing to the high methane 

concentrations found in ditches (Peacock et al., 2021), lateral advection may need to 

be accounted for to upscale emissions from ditch networks. Better mapping of 

intermittent stream channels and ditches, as well as the geomorphic characteristics 

necessary to model gas exchange (e.g. slope), will enable predictions about the 

location and magnitude of elevated methane concentrations in river networks based 

on connectivity of upstream wetlands, in order to help prioritize emission mitigation 

efforts.  

 

Assessing wetland carbon balances, especially in the context of restoration, will 

undoubtedly involve many uncertainties and necessary simplifying assumptions. Our 

results suggest that lateral exports of dissolved methane—which are usually not 

explicitly quantified in wetland carbon budgets—may be substantial enough to merit 

inclusion. We recommend that wetland and landscape carbon budgets consider 

potential changes to lateral fluxes of dissolved methane and other greenhouse gases 

when discussing net impacts of hydrologic restoration, especially for projects that 

alter drainage patterns and those with climate mitigation goals. 
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Detailed methodology 

Lateral dissolved methane fluxes (!)*!+$%) were calculated from measurements of 

dissolved gas concentrations ():.) and a discharge time series (;/0,). Dissolved 

methane concentrations were calculated from with samples collected monthly in 

triplicate near the center of the main wetland, and twice during the study period for 

each of twenty nearby wetlands. Atmospheric gas sample were collected for site- and 

date-specific headspace calculations. Headspace gas was transferred into evacuated 

vials (Labco, UK), and analyzed using a gas chromatograph (SRI 8610C).  

 

Discharge was calculated using a 90o v-notch weir installed in an intermittent channel 

~5m downstream of the wetland outlet. Stage at the weir was estimated using a 

correlation between instantaneous measurements of flow and wetland stage. Wetland 

stage was measured at 15-minute intervals using pressure transducers (HOBO water 

level data loggers) installed in a shallow well close to the center of the wetland and 

barometric from a dry well installed ~ 10 m from the wetland. The 15-minute time 

series was aggregated to calculate daily water volume flowing out of the wetland 

catchment. Discharge was corrected for artificially high periods of runoff, likely due 

to the presence of woody debris and leaves that impounded water at the wetland 

outflow. Daily methane export was calculated as the product of daily water volume 

and methane concentrations sampled from either a lognormal or uniform distribution 

fit to the measured values, using the average of 1,000 model iterations.  
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Daily estimates of atmospheric evasion (!)*!+$,-) from the upstream wetland and 

catchment area were calculated as the product of an areal flux rate and daily estimates 

of surface water extent, which is a useful proxy for methane emissions source area for 

wetlands without emergent vegetation in this landscape (Hondula, Jones, et al., 2021). 

Flux rates were calculated assuming only diffusive emissions using the turbulent 

boundary layer model, using the same dissolved methane concentration used to 

estimate lateral export, at both a high (0.72 m day-1) and low (0.14 m day-1) gas 

exchange rate for small forested wetlands (Holgerson et al., 2017). Catchment 

(42,445 m2) and wetland sub-catchment (5,602 m2) areas were delineated from a 1-m 

digital elevation model using Whitebox (Lindsay, 2016b). A stage-area curve was 

developed for both the wetland sub-catchment and watershed, which were used to 

estimate surface water area (i.e. methane source area). As a conservative estimate for 

calculating the importance of hydrologic fluxes (i.e. maximizing !)*!+$,- relative to 

!)*!+$%), the minimum surface water extent was used for days when water level was 

below the wetland spill point and there was no discharge in the intermittent channel. 

In reality, the surface water extent contracts further and may even disappear during 

low water levels during mid to late growing season. However, this reduction in area is 

difficult to quantify accurately and coincides with the warmest months when 

!)*!+$,- may therefore be highest. We compared the total amount of methane 

leaving both the wetland and catchment via evasion and hydrologic export over daily, 

seasonal, and annual timescales over a 3-year period (2018-2020).  
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To determine how far wetland-derived methane might travel in surface channels 

before being lost to the atmosphere, we used a one-dimensional linear advection 

model (Abril et al., 2014). This model simulates evasion using a flux model based on 

gas transfer and partial pressure differences between stream water and atmospheric 

equilibration. We ran the model using one-minute timesteps and inputs over a range 

of parameter space representative of the shallow topography and flow conditions in 

the study area. Gas exchange coefficients were calculated from slope and velocity 

(Raymond et al., 2012). Slope from wetlands to stream network was based on a 1m 

digital elevation map using depressions and hand-edited stream network developed 

for the region (M. Vanderhoof et al., 2017). We calculated a distribution of slopes 

using the elevation difference between each depression and its nearest lower elevation 

stream segment.  
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Figure 3.1: Conceptual diagram representing fates of wetland-derived methane in a 
drained (left) and restored (right) wetland landscape. Vertical arrows indicate 
atmospheric evasion from standing surface water (smaller from the drained wetland) 
and horizontal arrows indicate the flux of dissolved methane in flowing water (larger 
from the drained wetland). 
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Figure 3.2. Daily wetland discharge and estimated cumulative annual hydrologic 
methane flux.  
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Figure 3.3. Hydrologic export as proportion of total methane output at catchment 
(left) and wetland sub-catchment (right) scales by season. Values indicate range 
between estimates calculated with a high and low gas exchange rate (k). 
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Figure 3.4. Transport model results showing percent of methane remaining after (a) 
100m, (b) 400m, (c) 1km of downstream transport. Red line indicates average slope 
between wetland depressions and nearest stream. 
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Summary and Conclusions 
 
In this dissertation, I studied the relationship between wetland hydrology and methane 

emissions in seasonal freshwater forested wetlands. To accomplish this, I studied the 

magnitude and variability of methane fluxes from hydrologic gradients at six 

wetlands. I monitored water levels in order to quantify time series of wetland 

inundation and surface water extent, and used statistical models to evaluate the 

relationship between hydrologic variables and methane flux rates. I also analyzed 

satellite images with machine learning models to quantify inundation time series, and 

compared those results to field-based inundation time series. I used the results of the 

machine learning models to quantify the influence of model assumptions on the 

calculation of total wetland methane emissions for the Greensboro watershed. Finally, 

I developed a conceptual framework for quantifying hydrologic fluxes of dissolved 

methane out of wetlands, a pathway that is currently overlooked in assessments of 

wetland restoration.  

 

In Chapter 1, I show that there is a non-linear relationship between water levels and 

methane flux rates in forested mineral soil wetlands. Methane fluxes were 

dramatically higher from inundated compared to non-inundated soils, and the 

direction of water level changes helped explain variability in the magnitude of flux 

rates. Intermittently inundated soils alternated between being sources and sinks of 

methane depending on hydrologic conditions. Using field measurements in four 

different upscaling models showed that a time series of surface water extent was a 

valid proxy for wetland methane producing area. Current trends in the coverage of 
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wetland types in US show large declines of forested wetlands and gains in wetland 

types with more stable water levels such as farm ponds and created wetlands. These 

results imply that this trend could be leading to higher net methane emissions from 

wetlands.  

 

In Chapter 2, I show that commonly used methods for quantifying surface water 

extent result in underestimates of inundation and methane emissions from forested 

wetlands, and therefore new methods are needed to accurately detect and monitor 

inundation dynamics in forested wetlands. Surface water classification using 3 m 

optical imagery identified an order of magnitude more surface water than the 

maximum extent reported in the global surface water database, but is limited by 

reliable training data of small water bodies as well as occlusion of sub-canopy 

inundation. Results show that upscaling methane emissions from small water bodies 

will require data on surface water extent at both higher spatial and temporal 

resolutions than is currently used.  

 

In Chapter 3, I develop and apply a framework for quantifying hydrologic fluxes of 

dissolved methane from headwater wetlands. I explain why they are a relevant but 

missing component of current approaches to the assessment of net carbon balances in 

wetlands, and why there is a need to integrate perspectives from wetland and stream 

scientists. Results from empirical modeling show that hydrologic fluxes can comprise 

a substantial portion of wetland methane output, and that drainage channels can 

transport much of this methane to downstream perennial waters.  
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Freshwater wetlands and other small water bodies are one of the largest sources of 

methane to the atmosphere. Recent increases in the rate of global methane emissions 

may be attributable in large part to increased inundation extent and duration in natural 

and man-made wetlands. This research indicates that the natural hydrologic regime of 

forested wetlands plays a role in limiting their total methane emissions, but new 

techniques are needed in order to detect and monitor these patterns at global scales. 

Models for upscaling methane emissions from the smallest size class water bodies 

will need to account for intra-annual inundation variability and hydrologic fluxes, 

especially for predicting changes to methane emissions associated with land cover 

change, management and restoration activities, and increased variability in 

precipitation rates.  
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