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Abstract 

 Around the world, wetlands and other aquatic ecosystems release greenhouse gases (GHG) into 

the atmosphere. GHGs escape from these systems through the process of ebullition—or bubbles being 

released from the aquatic sediments. Ebullition can account for a major portion of GHG release, but it is 

often underestimated in global GHG budgets. This experiment aims to determine the factors that influence 

the ebullition of GHGs such as methane, carbon dioxide, and nitrous oxide by quantifying the gas fluxes 

that are released in wetland ecosystems from varying land uses, sediment types, and water temperatures. 

We included wetland sites with varying land uses such as urban, agricultural, pasture, and forested areas. 

It was found that the relationship between gas volumes and water temperatures were positive, whereas the 

relationship between gas volumes and sediment organic matter had a negative correlation. As global 

temperatures increase due to climate change, understanding the rates at which ebullition occur will give us 

a larger understanding of how this process contributes to the global GHG budget. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 Around the world, waterbodies such as lakes, reservoirs, and wetlands play a significant role in 

global greenhouse gas (GHG) emissions (Baulch et al., 2011). A major way that greenhouse gases are 

released into the atmosphere from these water bodies is through ebullition—or bubbles. Ebullition emits 

GHGs such as methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) into the earth’s atmosphere 

from aquatic sediments. It is important to understand which gases are emitted via ebullition, the rate at 

which it occurs, and the factors that influence it. In North America, there are several different water 

bodies with varying sediment types that emit greenhouse gases. Pathways of GHG emissions from inland 

waterbodies include release from vegetation, diffusive emission, and bubble-mediated fluxes (Baulch et 

al., 2011).  

 An emphasis on measuring the aquatic release of methane is worthwhile because recent studies 

from lakes, reservoirs, and wetlands have reported significant CH4 emissions. Methane is a potent GHG 

released from aquatic sediments for many reasons. Methanotrophic bacteria in the water column 

successfully oxidize the majority of CH4 released from aquatic sediments to carbon dioxide (Bastviken et 

al., 2017). However, bubbles from aquatic sediments containing methane escaping to the atmosphere are 

not similarly oxidized (West et al., 2016). Methane dissolved from rising bubbles is dependent on lake 

depth. Methane flux measured across lake surfaces showed a high probability of release through ebullition 

at depths 0.5-1 m (West et al., 2016). In shallow water bodies, methane released from the sediments is of 

larger magnitude than methane released from deep lakes (West et al., 2016). This is due to methane 

bubbles dissolving as they reach the top of the water column.  

 Carbon Dioxide is a GHG that is commonly known for its global warming potential (GWP). The 

GWP of each GHG is relative to that of carbon dioxide (EPA, 2018). Aquatic systems are carbon sinks 

(EPA, 2018). Carbon dioxide is produced in these systems through aerobic respiration, denitrification, and 

acetate fermentation (Baulch et al., 2011). Carbon dioxide can be emitted via ebullition from the aquatic 

sediments (Bastviken et al., 2017; West et al., 2016). Compared to methane, carbon dioxide emissions 



from aquatic systems through the process of ebullition are relatively small. However, this GHG is still 

significant to note due to its addition to the global GHG budget.  

 Nitrous oxide is the final GHG released into the atmosphere via ebullition. This gas has 75 times 

the GWP than that of methane, and 300 times than that of carbon dioxide (EPA, 2018). Recently, this 

GHG has received much study due to its response to agricultural and sewage inputs into waterbodies from 

excess nitrogen leading to nitrous oxide emissions (Baulch et al., 2011). Nitrous oxide is produced in 

aquatic systems by the process of denitrification (Baulch et al., 2011). Although this GHG has a strong 

GWP, methane fluxes typically exceed nitrous oxide fluxes, so a better understanding of methane flux is 

necessary for further research (Baulch et al., 2011).  

To estimate these ebullition rates, I deployed bubble traps in wetland water bodies to measure the 

quantitative volume of bubbles that they produced. Gas sample concentrations were also collected to 

combine with gas volumes to obtain gas flux data. North America wetlands have a range of sediment 

types, land uses, and water temperatures that characterize these water bodies. The sites chosen in this 

experiment are homogeneously variable, so there is the potential to identify relationships between these 

characteristics and ebullition rates. I hypothesize that ebullition rates of greenhouse gases will vary in 

wetlands due to different sediment types, land use applications, and water temperatures. This experiment 

aims to quantify the flux of GHGs produced from varying sediments types and compare them to varying 

wetland characteristics. 

 

 

Methods 

Site Description 

In Columbia, Missouri, ebullition for four wetland sites were investigated for gas flux from the 

sediments. These four sites were located within approximately a thirty-mile radius of the University of 

Missouri. The sites chosen were based off their location proximity, as well as their current land use types 

to represent a range of diverse land uses. The first site chosen was Bethel Lake (Site 1)—an urban pond 



located within the city limits of Columbia, Missouri. This wetland area is surrounded by sidewalks and 

other impermeable surfaces. This area has been used for fishing and recreational activities within the city 

for the past decade. The next site chosen was in the Finger Lakes conservation area, which consists of 

small ponds that were created from previously used mine tailings. The pond chosen (Site 3) contained 

macrophytes that were visible to the surface, and the sediments were covered in leaf litter that fell from 

overhanging trees surrounding it. The other two sites (Sites 2 and 4) were privately owned ponds that 

were surrounded by prairies and farmland, but contained forested watersheds. These ponds are not used 

for recreational purposes. However, due to the location of these ponds, they are heavily influenced by 

agricultural practices and nutrient runoff.  

 

Field Methods 

 All field methods in this experiment occurred under ambient conditions. GHG emissions were 

captured via bubble traps placed at four wetland sites. Each site contained six bubble traps, and were 

sampled bi-weekly to measure gas volumes released from the sediments. The bubble traps were composed 

of two Culligan jugs with a 26 cm diameter that were placed approximately 30 cm below the water 

surface and 10 cm above the sediments (Venkiteswaran et al., 2013). The two Culligan jugs were attached 

to a rod that would be inserted into the sediments to allow the bubble traps from coming out of place. Due 

to the size of the rods, the traps were limited to a shallow profile. At each site, three rods containing two 

bubble traps were placed around the pond approximately 20 m away from another, and 10 m away from 

the shore. Traps were placed in areas of the pond were there were little to no macrophytes present to 

ensure that gas was being released from the sediments. Each jug was plugged at the top by a rubber 

stopper to ensure an air-tight seal. The jugs were used to capture gas volumes over a four-month period. 

Each trap was sampled bi-weekly via syringe expulsion from the top of the trap to measure how much 

ebullition was released from the sediments.  

 Upon initial arrival at each site, a bulk water sample was collected in a two-liter plastic container 

for water chemistry analysis. The two-liter container was triple-rinsed with water from the site to reduce 



contamination. The bulk water sample was then stored in a cooler until returned to the lab for filtering. 

Once at the lab, the water was filtered through a 1.0 micrometer chlorophyll filter, and then the filtrate 

was filtered through a .45 micrometer membrane to ensure that all particulates were removed. An EXO-3 

YSI probe was used to record temperature, pH, Dissolved Oxygen (DO) and conductivity at a depth of 1 

m below the water surface. Measurements were taken on a bi-weekly basis. Water depth was measured at 

each trap using a meter stick. Triplicate sediment samples were taken at each site during each visit by 

using an Eckmann grab device. Each sediment sample was placed in a fresh Ziploc bag and then 

refrigerated until further analysis. Duplicate gas concentration samples were collected during each site 

visit by using an inverted funnel style method (Venkiteswaran et al., 2013). Gas concentrations were 

collected by this method via an inverted funnel that was placed into the sediments to allow for gas to 

release directly from the sediments. As the gas was being released, a syringe attached to the top of the 

funnel began to fill with gases released from the sediment. A needle was then attached to the syringe to 

allow for 40 mL of gas to be injected into a 40 mL exetainer. This exetainer was not evacuated and 

ambient gas concentrations (CO2 = 407 ppm, CH4 = 1.85 ppm, N2O = 0.330) in each exetainer had to be 

accounted for during GHG flux calculations. The gas concentrations collected will later be analyzed to 

identify which gases are released from the sediments relative to the gas volumes collected by the bubble 

traps.  

 

Lab Methods 

 At the University of Missouri, water samples were analyzed for total nutrient concentrations of 

each site. The nutrients that were analyzed were total phosphorus (TP), total dissolved phosphorus (TDP), 

total nitrogen (TN), total dissolved nitrogen (TDN), sulfate, nitrate, ammonia, and dissolved organic 

carbon (DOC). A loss on ignition test (LOI) was conducted on the sediment samples to estimate the 

fraction of organic matter present within the samples. Each sample was sieved through a 3 mm screen to 

remove any large particulates, and then weighed to find the mass of the total dry sample. After being 

weighed, each sample was placed into a muffle furnace at 4000C for 16 hours to burn off any organic 



matter. Once the samples have been through the muffle furnace, the samples are weighed a second time to 

determine how much organic matter was lost on ignition. Following the LOI test, sediment samples were 

then sent to the Trent University in Ontario, Canada to determine the particle size analysis. This procedure 

determined the fraction of sand, silt, and clay found in each sediment sample. The size categories for each 

sediment type is: Clay – 0-2 micrometer, Silt – 2-63 micrometers, and Sand 63-2000 micrometers 

(Whitfield et al., 2011)  

 Gas concentration samples were also analyzed at the University of Saskatchewan. These samples 

were analyzed using gas chromatography to identify the gases present and their concentrations. The gas 

chromatograph detected concentrations of carbon dioxide, methane, and nitrous oxide using a thermal 

conductivity detector, a flame ionization detector, and a micro-electron detector. Following this 

procedure, the results from the test were sent back to the University of Missouri so that the gas flux could 

be calculated. By multiplying gas volumes released from a known area in a day with each gas 

concentration, we can obtain a gas flux (umol/m2/day). 

 

Statistics and Data Analysis 

 Prior to data analysis, normality was tested using a Shapiro-Wilk test to determine normality (p > 

0.05). The gas flux variable initially was not normally distributed, so these concentrations were log10 

transformed to obtain normality. Each correlation test was carried out with Systat statistical software. A 

one-way Analysis of Variance (ANOVA) was conducted to determine the effects of land use on gas 

concentrations. An ANOVA was also used to determine the impact that different sediment types have on 

the flux of GHGs being released from wetlands (<0.05). If the ANOVA comparison indicated statistical 

significance, then a post hoc test was used to determine the significant relationships between land use, 

sediment types, and GHG flux. 

 

Results 

Water Chemistry 



 From the YSI readings taken during each visit, water temperatures ranged from 26.6 to 40C. Water 

temperatures had a positive significant relationship with other water chemistry parameters such as pH 

(p=0.048) and DO (p<0.0005) (Table 1). Water levels fluctuated throughout the sampling season (Table 

2), and conductivity had a significant relationship with water levels (p=0.011) (Table 1). Conductivity had 

a positive significant relationship with pH at each site (p=0.012) (Table 1).  

 

 

  

Gas Volumes 

 A Pearson correlation matrix was conducted to determine the relationship between gas volumes 

and water temperatures. From this analysis, it was found that water temperature had a significant positive 

correlation with the volume of gases released from each site (p=0.039). As water temperature increased, 

the volume of gas released from each site increased. A Pearson correlation matrix was also conducted to 

determine the relationship between gas volumes and sediment characteristics. These sediment 

characteristics included the %OM found from the LOI test, and the average geometric means of the 

particle size determined by the particle size analysis. From these analyses, it can be concluded that %OM 

had a significant negative relationship with the volume of gases released (p=0.005), and particle size had 

no relationship with gas volume. 

 

Gas Flux 

The relationships between GHG flux and other parameters of wetland ecosystems were examined 

during this project. Pearson correlation matrixes revealed that there was a significant, negative correlation 

between GHG flux and %OM (Table 2). Gas flux concentrations decreased as the amount of organic 

matter increased within the sediments of wetland ecosystems. This correlation analysis also revealed that 

water temperature and particle size had no significant correlation to the amount of GHG flux released 

from the sediments for all three gases. The ANOVA revealed that the type of land use surrounding a 



wetland can determine the concentrations of GHGs produced (Figure 1). It was found that the urban and 

agricultural sites had higher quantities of methane produced than the site surrounded by a woodland area 

(Figure 2). This type of relationship also occurs in sites where there is a higher percentage of sand present 

(Figure 3). The sites that contained the highest percentage of sand in the sediments had higher levels of 

methane released. However, the sites surrounded by a wooded area had higher carbon dioxide emissions 

from the sediments. This is also true for the wetland sites that have a high percentage of silt present within 

the sediments. Nitrate levels were consistently low for each wetland site. 

 

 

Discussion 

 This experiment quantified the flux of GHGs from the sediments of wetland ecosystems. 

Wetlands, as well as other waterbodies, play a significant role in global GHG emissions (Baulch et al., 

2011). The GHGs released from these systems were released through the process of ebullition. The main 

GHGs focused on in this experiment included CH4, CO2, and N2O. It is critical to understand which gases 

are emitted via ebullition, the rate at which it occurs, and the factors that influence these rates. The factors 

considered to influence ebullition rates in this experiment were changes in water temperature, sediment 

characteristics, and land use applications. In North America, there are several different water bodies with 

varying sediment types that emit GHGs. Sediment characteristics observed in this experiment were the 

particle sizes and amount of organic matter present within the sediments. Seasonally, water temperatures 

in wetlands fluctuate depending on the amount of sunlight radiation interfering with the water body, water 

flow inputs, and the density of vegetation surrounding the water body (Bachand et al., 2000). Four 

wetland sites were chosen in this experiment to represent a varying range of water temperatures and 

sediment characteristics.  

 Methane was the highest GHG released from wetland sites in this experiment. This is critical to 

note because other studies have reported that CH4 is a potent GHG released from aquatic sediments for 

many reasons. First, CH4 dissolved from rising bubbles is dependent on lake depth. The flux of CH4 



measured across lake surfaces showed the highest release through ebullition at depths 0.5-1 m (West et 

al., 2016). In shallow water bodies, such as wetlands, CH4 is released from the sediments in a larger 

magnitude than CH4 released from deep lakes (West et al., 2016). At each wetland site for this 

experiment, the traps that collected gas volumes were placed at depths of 1 m or less. Furthermore, 

methanotrophic bacteria in the water column can successfully oxidize most CH4 released from aquatic 

sediments to carbon dioxide (Bastviken et al., 2017), which was the second highest GHG concentration 

found in this experiment. 

 Aquatic systems are carbon sinks (EPA, 2018). The concentration of CO2 in this experiment was 

the second highest GHG released, and was significantly higher than N2O. CO2 is produced in these 

systems through aerobic respiration, denitrification, and acetate fermentation (Baulch et al., 2011). 

Wetland sites that contained the highest percentage of organic matter and surrounded by a forested area 

had the highest rates of CO2 released. Compared to CH4, CO2 emissions from aquatic systems are 

relatively small (West et al., 2016). However, this GHG is still significant to note due to its GWP of 1 and 

its contribution to the global GHG budget. 

 Nitrous Oxide was the final GHG observed during this experiment. N2O concentrations from each 

wetland site were half that of CH4 and CO2 concentrations. As expected, the concentrations of N2O were a 

quarter higher in the wetland surrounded by an urban area, than in the wetland surrounded by a forested 

area. This is likely due to the high application of fertilizers on the lawn of the urban environment, and the 

lack of fertilizer applied in the forested area. Nitrate (NO3) from fertilizer application can leach or run off 

into aquatic systems after a precipitation event occurs (Ohte, 2013). After NO3 has entered the aquatic 

system, it then transforms into N2O through the process of denitrification (Ohte, 2013). Similarly, any 

ammonia (NH3) present within the water column are oxidized by nitrifying bacteria to NO3 through the 

process of nitrification (Ohte, 2013). NO3 concentrations were exceedingly low at each site (Table 1), 

which concludes why N2O was the lowest GHG concentration found at each site. Although N2O 

concentrations were the lowest, this gas has 75 times the GWP than that of CH4, and 300 times than that 

of CO2 (EPA, 2018). 



 This experiment hypothesized that the ebullition flux of GHGs will vary in wetlands due to 

different sediment types, land use applications, and water temperatures. From the data collected, it can be 

concluded that this experiment successfully proved that the flux of GHGs from each wetland site varied 

due to varying sediment types. CH4 and CO2 had significant relationships with sand and silt sediment 

types (Table 4). This is due to the pore sizes of each sediment type. A sandy sediment type, such as that 

found in the urban pond, had higher CH4 concentrations released. Sediments that contained high amounts 

of silt, such as the wetland surrounded by woodland areas, had higher CO2 emissions. The larger pore size 

of sandy sediments allow for higher oxygen concentrations, which means that less respiration is 

occurring. The smaller pore size of silty sediments allow for less oxygen available, meaning that 

respiration rates are higher. The higher CO2 emissions found at the wooded area with silt sediments are 

likely due to the high quantity of respiration that occurs in the leaf litter of the sediments. This study has 

successfully shown that varying sediment characteristics and land uses have an influence on the 

concentrations of GHG flux. 

This experiment also proved that higher organic matter content in sediments led to a decrease in 

GHG flux emissions. This correlation may have occurred due to the outlying factor of water temperature. 

Throughout this experiment, overall GHG emissions decreased as water temperatures decreased. This 

process may be the explanation for why the amount of organic matter had a negative correlation with 

GHG flux. However, this parameter did have a positive significant relationship with bubble volumes 

released at each site. With a range of water temperatures from 4 - 26oC, as water temperature increased, 

bubble volume increased. Contrarily, temperature did not have a significant relationship with GHG flux. 

This study aimed to quantify the flux of GHGs in wetland systems. When observing the overall 

GHG budget, ebullition from waterbodies is often dismissed as a minimal contribution to this equation 

(Baulch et al., 2011). From this experiment, we were able to establish a GHG flux, which can then be 

implemented into the overall GHG budget as a reliable factor. Wetlands are critical for several 

environmental functions. They provide habitat, a buffer zone for flooding, and they are even sometimes 

used as a biological filtering system for treating waste water. The purpose of this experiment was not to 



prove that wetlands can be harmful due to their abundances of GHGs, but instead it was meant to prove 

that GHG release from these systems can be significant. This study is just the beginning of understanding 

how wetlands contribute to the GHG budget. A future consideration for this project is to capturing gas 

volumes for a longer period of time. This will allow for a larger gradient between the highest and lowest 

water temperatures. This will also allow for GHG fluxes of different gases to be compared seasonally. 

Overall, by understanding the rate at which GHGs are released into the atmosphere from wetlands through 

the process of ebullition, scientists can account for these rates on a global basis to quantitatively represent 

GHG flux.  

 
 
Table 1: Pearson correlation identified p-values for water quality parameters. P-values identified with a 
(*) represent significant relationships. 

  %OM TempOC Particle Size 
(um) 

Conductivity 
(uS/cm) pH DO 

%OM       

TempOC 1.000      

Particle Size (um) 0.000 1.000     

Conductivity (uS/cm) 0.000 1.000 0.082    

 
 
 
 
Table 2: Characteristics of study sites. Watershed delineation done with ESRI ArcGIS 10.3.1 
 

Site Characteristics and Water Chemistry  
  

Category 
Max 

Depth 
(m) 

Avg. 
DO 
(mg 
L-1) 

Avg. 
Conductivity 

(uS/cm) 
Avg. pH TP 

(ug/L) 
TDP 

(ug/L) 
TN 

(mg/L) 
TDN 

(mg/L) 
SO42- 
(mg/L) 

DOC 
(mg/L) 

NH4 
(mg/L) 

NO3- 
(mg/L) 

Urban 1.3 7 250.85 7.92 28 12 0.92 0.7 <7.0 7.0 <0.01 <0.05 
Ag. Pasture 0.81 8.6 338.65 7.59 158 36 1.56 0.84 <7.0 8.6 <0.01 <0.05 
Woodland 1.3 4.9 1882.5 7.42 18 7 0.62 0.51 371.5 4.8 <0.01 <0.05 
Ag. Pasture 0.96 8.2 79.47 8.22 78 17.5 0.98 0.71 <7.0 8.2 <0.01 <0.05 

 
 
 
 
 
 
 
 



Table 3: Pearson correlation matrix for the identified correlation coefficients (r) of gas flux 
concentrations and organic matter content in Missouri wetland sites. 
 

Gas Flux Concentrations vs. %OM 
Gas (umol/m2/day) n-value p-value r-value 

[N2O] 69 <0.0005 -0.442 

[CH4] 69 0.041 -0.323 

[CO2] 69 <0.0005 -0.405 

 
 
Table 4: ANOVA comparisons between gas flux concentrations, different land uses (Agricultural 
pastures, Urban, and Woodland area), and different sediment types (sand and silt). Post hoc tests were 
conducted following the ANOVA if the factors were significant. Similar letters represent factors that are 
not significant (a) and dissimilar letters represent factors that are significant (b). 

Parameter Land Use 
post hoc test Sediment Type Post hoc test 

Ag (p)    Urban    Wooded Area   sand           silt 
[N2O] F41,89=13.554, p<0.0005     a                a                    b F10,54=3.107, p=0.084     a                 a 
[CH4] F23,89=3.964, p=0.023     a                b                    a F45,54=102.60 p<0.0005     b                 a 
[CO2] F15,89=5.919, p<0.0005     a                a                    b F45,54=66.187 p<0.0005     a                 b 

 
 
 
 
 
Figure 1: Correlations between percent organic matter and gas flux concentrations. This figure was 
plotted using raw gas flux concentration data, but the y-axis was logged to better represent the 
relationships between the two parameters.  
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Figure 2: Gas concentrations at each wetland site for three different land uses. This figure was plotted 
using raw data, but the y-axis was logged to better represent the amount of each GHG released from each 
site. 
 
 

 
 
 
 
Figure 3: Gas concentrations at each site for two different sediment types. This figure was plotted using 
raw data, but the y-axis was logged to better represent the amount of each GHG released from each site. 
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