
 

 

 The Forces Behind the Flux: Methane, Carbon Dioxide, and Nitrous Oxide Dynamics and 

Their Environmental Drivers in Restored Agricultural Wetlands 

by 

Shayna Bree Meinzinger 

 

 

A thesis 

presented to the University of Waterloo 

in fulfilment of the 

thesis requirement for the degree of 

Master of Science 

in 

Earth Sciences 

 

 

 

 

Waterloo, Ontario, Canada, 2026 

© Shayna Bree Meinzinger 2026 



 

 

ii 

 

Author’s Declaration 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners.  

I understand that my thesis may be made electronically available to the public.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

iii 

 

Abstract 

Wetlands provide vital ecosystem services such as water filtration and flood mitigation 

but are also significant natural sources of greenhouse gases (GHGs), particularly methane (CH₄). 

This study examined seasonal and spatial patterns of CH₄, carbon dioxide (CO₂), and nitrous 

oxide (N₂O) emissions from seven restored agricultural wetlands in the Ontario portion of the 

Lake Erie Basin, focusing on diffusive and ebullitive flux pathways. Emissions were measured 

across four seasons, alongside water quality parameters used to identify key environmental 

drivers. Dissolved oxygen (DO) emerged as a strong driver of GHG fluxes, with lower DO 

concentrations consistently promoting higher CH₄, CO₂, and N₂O emissions. Duckweed cover 

also enhanced CH₄ production by creating anoxic conditions. GHG emissions peaked during 

summer months with heightened biological activity, while winter fluxes, though reduced, 

remained detectable, emphasizing the contribution of cold-season processes. N₂O emissions 

remained consistently low throughout the year. Across sites, methane emissions were generally 

low relative to natural temperate wetlands, except at one nutrient-enriched outlier (Site MA). 

Spatial variation within wetlands was minimal, suggesting that sampling from a single 

representative location may be sufficient for long-term monitoring. These findings show that 

restored agricultural wetlands can act as both carbon sinks and GHG sources depending on local 

biogeochemical conditions. By identifying major environmental controls on emissions, this study 

advances understanding of GHG dynamics in restored wetlands, informs efficient monitoring 

and modelling considerations, and strengthens national inventory and restoration policy 

development. 

Keywords: Greenhouse gas emissions, restored agricultural wetlands, environmental drivers, 

wetland restoration, emission modelling 
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Chapter 1: Literature Review 

1.1 Greenhouse Gas Production and Emission Pathways in Wetlands 

Methane (CH₄), carbon dioxide (CO₂), and nitrous oxide (N₂O) are all produced in 

wetlands through distinct microbial processes but share similar emission pathways to the 

atmosphere. CH₄ is generated in wetlands through methanogenesis, which requires available 

substrate and anoxic conditions, with methanogenic archaea active across a wide temperature 

range (−2 °C to 122 °C) (Hoehler et al., 2018; Kotsyurbenko et al., 2019). CO₂ is primarily 

produced by heterotrophic and autotrophic respiration (Bao et al., 2023), while N₂O arises from 

microbial transformations of carbon and nitrogen stocks, including nitrification, denitrification, 

nitrifier denitrification, and dissimilatory nitrate reduction to ammonia (Bahram et al., 2022; 

Huang et al., 2013). Despite these differences in production, the three gases are emitted from 

wetlands via the same major pathways: ebullition, diffusion across the water–air interface, and 

transport through plant aerenchyma (Limpert et al., 2020; Yin et al., 2023).   

1.2 Environmental Drivers of Wetland GHG Emissions 

Greenhouse gas (GHG) emissions from wetlands can be affected by a variety of natural 

and anthropogenic factors. This background literature review centers on wetland ecosystems, 

with particular emphasis on restored agricultural wetlands. To capture relevant insights into GHG 

dynamics within systems of similar scale and function to the study sites, the review also 

incorporates research on systems such as, but not limited to, small ponds, lakes, ditches, and 

constructed wetlands. 
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Temperature 

Elevated temperatures may lead to increased GHG emissions from wetlands. The existing 

body of research consistently demonstrates that warmer temperatures increase CH₄ emissions 

(Gedney et al., 2004; Moss et al., 2011; Z. Zhang et al., 2017, 2023). A simulation, considering 

current climate change mitigation approaches, forecasts a doubling of CH₄ emissions from 

wetlands by the year 2090 (Z. Zhang et al., 2023). Zhang et al. (2023) proposed the likelihood of 

a positive feedback loop between CH₄ emissions from wetlands and the ongoing processes of 

global warming and shifts in precipitation patterns. A study of small artificial water bodies shows 

CH₄ emissions increase with temperature and decline in winter (Peacock et al., 2021). In North 

American wetlands, soil temperature positively correlates with CH₄ emissions, as shown by a 

large database of 19,000 chamber measurements (Bansal, Post van der Burg, et al., 2023) and in 

northwestern Eurasian and Greenlandic wetlands (Christensen et al., 2003). CH₄ ebullition 

increases with temperature, with studies showing an 11% rise per 1 °C in Chinese rivers and 

lakes (G. Wang et al., 2021), exponential relationships in a shallow lake (Praetzel et al., 2021), 

and a positive correlation with sediment temperature (DelSontro et al., 2016). Continuing, 90% 

of diffusive CH₄ fluxes occur during warmer months in Estonian constructed wetlands (Mander 

et al., 2024). Eutrophic conditions in the waterbody are significant, as a 2°C rise in temperature is 

linked to an increase in CH₄ emissions by 47-183%, depending on the lake's eutrophic status 

(Sepulveda-Jauregui et al., 2018).  

Elevated temperatures and extreme weather events, such as droughts, can accelerate 

vegetation decomposition and alter hydrological conditions, potentially transforming wetlands 

from carbon sinks to carbon sources by increasing both CO₂ and CH₄ emissions (Flanagan & 

Syed, 2011; Peacock et al., 2021; Salimi et al., 2021). Demonstrating this, CO₂ emissions in 
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constructed wetlands were observed to be higher during warmer months (S⊘vik et al., 2006). 

Moreover, a study investigating 37 urban ponds in Denmark identified a temperature-related 

increase in CO₂ emissions (Audet et al., 2020).  

Elevated temperatures have the potential to induce heightened microbial activity in 

wetlands, leading to increased N₂O emissions through elevated rates of nitrification and 

denitrification. This phenomenon was evident in a constructed wetland study where N₂O fluxes 

were notably higher in the summer compared to the winter (S⊘vik et al., 2006). Similarly, a 

study of 37 urban ponds found an increase in N₂O flux with rising temperatures (Audet et al., 

2020). Additionally, research on a freshwater wetland demonstrated a positive correlation 

between N₂O emissions and increasing temperature (Khoiyangbam & Chingangbam, 2022). 

Despite literature supporting a positive correlation between GHG flux and temperature, 

some studies diverge from this trend. Baron et al. (2022) found no correlation between CH₄ 

emissions and increased temperature in small shallow ponds (Baron et al., 2022). Similarly, 

DelSontro et al. (2016) and van Bergen et al. (2019) reported no significant correlation between 

CO₂ flux and temperature in studies about urban ponds, northern ponds, and lakes (DelSontro et 

al., 2016; van Bergen et al., 2019).  

Wetland Size 

Smaller aquatic systems generally produce higher GHG emissions. Studies of ponds, 

ditches, and wetlands show CH₄ emissions increase as waterbody size decreases (Bansal, Post 

van der Burg, et al., 2023; Bastviken et al., 2004; DelSontro et al., 2018; Gorsky et al., 2019; 

Holgerson & Raymond, 2016; Peacock et al., 2021; Rasilo et al., 2015), supported by data from a 

North American wetland complex comprising 19,000 chamber measurements (Bansal, Post van 
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der Burg, et al., 2023). Smaller water bodies have greater perimeters relative to volume, 

enhancing terrestrial carbon inputs, mixing, and ebullitive CH₄ release from sediments 

(Holgerson & Raymond, 2016). CO₂ emissions were shown to decrease with increasing lake size 

across productivity levels (DelSontro et al., 2018), as well as decrease with increasing wetland 

size (Peacock et al., 2021). 

N₂O shows more variable patterns, increasing with lake size in some syntheses 

(DelSontro et al., 2018) and remaining low in small nitrogen-rich reservoirs (Webb et al., 2019); 

However, in wetlands with lower water levels, N₂O emissions are more prevalent and actively 

driven (Kasak et al., 2022). 

Nutrients 

Studies of small ponds, ditches, and restored wetlands show that elevated nutrient 

concentrations, including carbon, nitrogen, and phosphorus, are associated with increased GHG 

fluxes (Peacock et al., 2021). Total phosphorus correlates positively with CH₄ in small artificial 

water bodies and drainage ditches (Köhn et al., 2021; Malyan et al., 2022; Peacock et al., 2021), 

while total nitrogen correlates positively with N₂O in freshwater wetlands wetland 

(Khoiyangbam & Chingangbam, 2022; Malyan et al., 2022). Nitrate also influences emissions, 

showing positive correlations with CO₂ and N₂O (Stadmark & Leonardson, 2005, 2007; H. Tian 

et al., 2015), although some studies report no or negative correlations with CH₄ (Audet et al., 

2020; Köhn et al., 2021; Stadmark & Leonardson, 2007). Sources of ammonium have been 

shown to stimulate N₂O emissions in agricultural streams, and are more dominant than nitrate 

sources (S. Wang et al., 2024). 
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Eutrophic water bodies, with high nutrient loads, generate low-oxygen zones that favour 

methanogens, enhancing CH₄ emissions in systems (Beaulieu et al., 2019; Davidson et al., 2018; 

Y. Li et al., 2021; Sepulveda-Jauregui et al., 2018). In lakes, eutrophication can amplify CH₄ 

responses to temperature increases (Sepulveda-Jauregui et al., 2018), while CO₂ flux may 

decrease due to enhanced photosynthetic carbon fixation (Colas et al., 2021; H. Sun et al., 2021). 

Lake Erie, for example, has experienced large increases in CH₄ and N₂O emissions across all 

seasons due to eutrophication (Fernandez et al., 2019). Higher temperatures further favour algal 

growth in shallow lakes, reinforcing the link between temperature, eutrophication, and CH₄ 

emissions; lower nutrient concentrations are needed to stimulate blooms as temperatures rise, 

especially near agricultural lands (Kosten et al., 2009).  

Chlorophyll-a 

Chlorophyll-a is a valuable indicator of a water body's trophic state (Karimian et al., 

2023) and has been linked to GHG dynamics across aquatic ecosystems. A synthesis of 223 

studies on lakes and impoundments found a positive correlation between N₂O emissions and 

chlorophyll-a concentrations (DelSontro et al., 2018). Contrastingly, observations from Swedish 

wetlands showed that higher chlorophyll-a was associated with lower N₂O concentrations (Åhlén 

et al., 2023). 

 Commonly, CH₄ emissions have been strongly predicted by chlorophyll-a concentration. 

Research on Chinese lakes reported that chlorophyll-a was positively associated with CH₄ 

emissions but negatively correlated with CO₂ flux, likely due to algal photosynthesis enhancing 

CO₂ fixation into oxygen (Kumar et al., 2023). This negative correlation can be explained by the 

notion that increased algae levels contribute to the fixation of CO₂ into oxygen through 

photosynthesis. In wetlands and lakes more broadly, chlorophyll-a is often assumed to be 
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positively related to CH₄ emissions (Badiou et al., 2019; DelSontro et al., 2018), although some 

studies report no relationship (Bastviken et al., 2004). In contrast, observations from Swedish 

wetlands revealed that higher chlorophyll-a levels were associated with lower CH₄ 

concentrations, with peak levels occurring during the summer months (Åhlén et al., 2023). 

Cations and Anions 

Anions and cations play complex roles in GHG dynamics in wetland environments, 

largely by influencing microbial activity and redox conditions.  

Sulfate has been shown to suppress CH₄ emissions in small lentic systems by acting as a 

competing electron acceptor in anaerobic microbial respiration. For example, sulfate 

concentrations were negatively correlated with CH₄ flux in a shallow pond (Baron et al., 2022) 

and in prairie pothole wetlands (Logozzo et al., 2025). More broadly, elevated salinity—often 

composed of ions such as sulfate, sodium, and chloride—can inhibit CH₄ production in wetlands 

and agricultural ponds, likely due to shifts in microbial metabolic pathways (Soued et al., 2024). 

Indeed, alternative electron acceptors such as sulfate, nitrate, nitrite, and manganese have all 

been associated with reduced methanogenesis under anaerobic conditions (Sapkota et al., 2022). 

Magnesium application via magnesium-modified wheat straw biochar in acidic soils increased 

CO₂ emissions but decreased N₂O emissions (Khan et al., 2022). 

Fluoride presents a contrasting case. High fluoride concentrations, particularly under 

saline-alkali conditions, have been linked to increased CH₄ emissions in constructed wetland 

experiments, likely due to disruptions in microbial community composition and function (Zhou 

et al., 2023). This suggests that not all anions suppress CH₄ production; in some cases, they may 

enhance it by altering ecosystem processes. 
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Potassium appears to have some potential to reduce CH₄ emissions under engineered 

conditions. In an integrated vertical-flow constructed wetland, the use of potassium 

peroxymonosulfate led to decreased CH₄ fluxes, suggesting a possible oxidizing or microbial 

regulatory role (X. Li et al., 2023). 

pH 

Generally, pH can either promote or suppress GHG emissions, depending on the 

tolerance and preferences of the microbial communities responsible for producing each gas. Two 

river-based studies in Mongolia and northern Taiwan similarly concluded that there was no 

significant relationship between CH₄ emissions and pH (Hao et al., 2021; S.-S. Yang et al., 

2015). The association between CO₂ flux and pH in various water bodies, such as lakes, 

stormwater ponds, urban ponds, and reservoirs, has produced inconsistent results. In a 

compilation of various water body references by Malyan et al. (2022), CO₂ was shown to be 

negatively correlated with pH in 5 studies compared to 2 studies indicating a positive correlation 

(Malyan et al., 2022). A study on small artificial water bodies, which closely resemble the 

systems at our proposed study sites, demonstrated a negative relationship between pH and CO₂ 

flux (Peacock et al., 2021). N₂O emissions do not show a clear trend with pH and can either be 

positively or negatively correlated (Khoiyangbam & Chingangbam, 2022; Ma et al., 2018; H. 

Tian et al., 2015).  

Substrate 

CH₄ production is influenced by both autochthonous and allochthonous carbon inputs 

(Sepulveda-Jauregui et al., 2018). Organic fertilizers have been shown to possibly enhance CH₄ 

emissions by providing more availability of carbon substrates to methanogens (Yuan et al., 
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2018). The addition of organic fertilizers stimulates acetolactic pathways and suppresses 

hydrogenotrophic pathways of CH₄ production (Yuan et al., 2018). Nitrogen fertilizers, by 

comparison, suppress CH₄ emissions by stimulating denitrifying bacteria that utilize nitrogen as 

an energy pathway rather than utilizing substrates that create CH₄ as a byproduct (Tiwari et al., 

2020). In a study of northern wetlands, a Pearson correlation showed organic acid concentrations 

had a consistent, significant correlation with CH₄ emissions from wetlands (Christensen et al., 

2003).  

Several studies have reported a positive correlation between CH₄ flux and dissolved 

organic matter (DOM), notably in small artificial waterbodies by Peacock et al. (Gorsky et al., 

2019; Obrador et al., 2018; Peacock et al., 2019; H. Tian et al., 2015; G. Wang et al., 2021; S.-S. 

Yang et al., 2015). Similarly, both N₂O and CO₂ flux have been positively correlated with 

increasing DOM levels (Borges et al., 2015; Gorsky et al., 2019; Ma et al., 2018; Obrador et al., 

2018), notably in small pond-ditch systems. In wetlands, CH₄ production exhibits a greater 

dependence on DOM than on CO₂ (Hu et al., 2024). Therefore, wetland soils with lower carbon-

nitrogen ratios may favour increased CH₄ and CO₂ emissions, as it is indicative of higher 

decomposition rates (Bansal, Creed, et al., 2023; Hu et al., 2024). In organic soils of natural and 

semi-natural ecosystems, N₂O fluxes peaked at around 19 soil C:N ratio with low emissions 

under 10 and over 30 soil C:N ratio (Z. Yao et al., 2022).  

Oxygen Levels  

CH₄ flux has been negatively correlated with oxygen levels in a water body (Audet et al., 

2020; Peacock et al., 2021; H. Tian et al., 2015; S.-S. Yang et al., 2015). However, one study by 

Hao et al. (2021) focused on a river reported no correlation in this regard (Hao et al., 2021). 

Methanogens are recognized as obligate anaerobes, but there are cases in which aerobic CH₄ 
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production occurs. There are hypotheses that CH₄ might be produced aerobically in aquatic 

systems as a by-product of photosynthesis, in pockets of oxygenated microhabitats within anoxic 

zones, and during bacteria’s acquisition of phosphorus from methyl-phosphonate (Bižić et al., 

2020; Donis et al., 2017; M. Yao et al., 2016).  In two rivers, CO₂ flux was negatively correlated 

with increasing oxygen levels (Hao et al., 2021; S.-S. Yang et al., 2015). In a wetland complex in 

Brazil, a higher saturation of CO₂ and CH₄ was found to be higher with less dissolved oxygen 

(Belger et al., 2011). This relationship was exhibited again in five mature lakes, where an excess 

of oxygen resulted in an undersaturation of CO₂ (Colas et al., 2021). 

N₂O flux, on the other hand, has demonstrated both negative and positive correlations 

with increasing oxygen levels in different studies (Hao et al., 2021; Ma et al., 2018; H. Tian et 

al., 2015). In a study focusing on a constructed wetland, N₂O was negatively correlated with 

increasing oxygen levels, with the highest emissions reported under anoxic conditions (Huang et 

al., 2013). 

Hydrological Drivers 

CH₄ and CO₂ emissions are affected by changing water levels in wetlands (X. Yao & 

Song, 2022). In a river-connected wetland in China, CH₄ and N₂O were positively correlated with 

water level (Jin et al., 2023). In contrast, a low water level was shown to be the main driver of 

N₂O emissions in a treatment wetlands study (Kasak et al., 2022). In a study of the effect of 

water table depth on alpine wetlands in the Qinghai-Tibetan Plateau, an increased water table 

depth led to more CO₂ emissions (J. Zhang et al., 2024); specifically, CO₂ emissions rose by 31% 

in fens with an increase of 20 cm in the water table (Matysek et al., 2019). In contrast, an 

increasing water table depth lowered CH₄ emissions and N₂O emissions (J. Zhang et al., 2024). 

In a global meta-analysis, a critical water level where CH₄ emissions were the highest was 
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identified at 50 cm (Calabrese et al., 2021). In a study of seasonal inundation on CH₄ fluxes from 

freshwater wetlands, inundation extent and duration promoted CH₄ emissions (Hondula et al., 

2021). 

Water levels may affect the sensitivity of CH₄ emissions to temperature. A higher water 

table resulted in a higher temperature sensitivity for CH₄ emissions in wetlands (H. Chen et al., 

2021). Water levels did not affect the dependence of temperature on CO₂ emissions in wetlands 

(H. Chen et al., 2021). 

Climate warming will increase the frequency of precipitation events, expanding wetland 

areas, and ultimately creating more anoxic zones available for CH₄ production (Z. Zhang et al., 

2023). Conversely, carbon may be trapped more effectively with increased rainfall (Salimi et al., 

2021). Rewetting wetlands stops CO₂ emissions, but re-vitalizes CH₄ emissions (Günther et al., 

2020). Droughts may release carbon from wetlands, changing them from carbon sinks to sources 

(Salimi et al., 2021).  

In a study of pristine wetlands under global warming conditions, changes in wetland CO₂ 

flux have a significant positive relationship with the mean annual precipitation regardless of 

different plant functional types in the ecosystem. This indicates a stronger source of CO₂ flux in 

wetter conditions (Bao et al., 2023). In this study, there was no correlation found between CH₄ or 

N₂O emissions regarding mean annual precipitation. Considering wetlands in North America, 

there was a positive relationship between water-filled pore space and CH₄ emissions in addition 

to hydroperiod and CH₄ emissions (Bansal, Post van der Burg, et al., 2023). Lastly, in a study of 

wetlands, an analysis revealed that increased precipitation generally reduces GHG emissions (M. 

Chen et al., 2020). However, with mean annual precipitation ranging between 400 mm to 700 
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mm, CH₄ and N₂O emissions increased with increasing mean annual precipitation (M. Chen et 

al., 2020). 

δ18O and δ2H of H2O    

δ18O and δ2H isotopes are used to understand hydrological processes over multiple scales, 

including the identification of vegetation water sources, partitioning of evapotranspiration, 

separating hydrographs, and quantifying atmospheric processes (C. Tian et al., 2018). These 

isotopes lend insight into a system’s water cycling mechanisms, past climate conditions, (Aron et 

al., 2021) and surface water evaporation rates (Z. Sun et al., 2021). Deuterium excess is another 

variable that can be used to further understand temporal and spatial variations in hydrological 

processes and hydroclimatic conditions (C. Tian et al., 2018). δ18O helps to show sensitivities to 

equilibrium and kinetic fractionation processes (C. Tian et al., 2018). If a wetland is enriched in 

heavier isotopes, this would lend insight that lots of evaporation has occurred in the system 

(Gallart et al., 2024). Additionally, precipitation at higher latitudes is expected to have more 

negative δ18O values due to the latitude effect (Clark & Fritz, 1997). 

In a study of precipitation samples over two years, δ18O showed a seasonal trend with 

more enrichment in warmer months (C. Tian et al., 2018); δ18O and δ2H were significantly 

affected by temperature (C. Tian et al., 2018). In a study on Lake Chad, δ18O became highly 

enriched and correlated positively with evaporation rates and salinity (Fontes et al., 1970). In a 

study characterizing the runoff generation process in Old Crow Flats, Yukon, d-excess gave 

insight into the source of the runoff. A declining d-excess was associated with lake drainage, a 

stable d-excess was associated with negligible runoff, and an increasing d-excess was associated 

with rainfall-generated runoff (Turner et al., 2014). In a study by Behrens et al., a variable δ-

excess gave insight into regional groundwater and surface water, reflecting changes in 
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precipitation sources and evaporation (Behrens et al., 2021). One wetland study found there was 

a strong evaporative signature in their stable water isotopes in the summer (Miranda & Whitfield, 

2024).  

Additional Environmental Drivers 

Few studies exist on the effect of constructed wetland age on GHG emissions. A study of 

constructed wetlands compared GHG fluxes at 5 and 15 years after reconstruction.  From years 5 

to 15, mean CH₄ emissions tripled and mean CO₂ emissions doubled (Liikanen et al., 2006). 

After 15 years, the average CH₄ release rates were just slightly higher than the range of average 

emissions for a wetland in the same region; However, the highest recorded CH₄ spike in the 

study occurred at year 5 and was considerably higher than the normal reported values (Liikanen 

et al., 2006). In a longer timescale (over 100 years), studies have shown that wetlands act as a 

sink for GHGs (Brix et al., 2001; Mitsch et al., 2013). More recent studies show restored 

wetlands have a net cooling effect on average, 141 to 525 years post restoration (Schuster et al., 

2024). 

Wetland habitat type also affects CH₄ production. The average CH₄ flux compiled for 

Northern wetlands by Bartless and Harriss (1993) shows that sedge meadow habitats have the 

highest average flux out of ~115 measurements of different habitats (Bartlett & Harriss, 1993). 

After trying to model global CH₄ emissions from tropical wetlands, it was seen that emissions are 

affected by many unique environmental drivers, which results in variable flux measurements, 

making it difficult to upscale models (Murguia-Flores et al., 2023).  

After an intensive study compiling information on CH₄ emissions from 71 northern, 

temperate, and subtropical wetlands, it was demonstrated that CH₄ flux controls are diverse 
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among wetland types and complex to model (Turetsky et al., 2014). Therefore, the most accurate 

models are those developed for localized zones with a narrow range of wetland types and in 

conditions that are well constrained.  

1.3 Environmental Drivers of GHG Emissions in Agricultural Wetlands 

Wetlands embedded in agricultural crop lands are exposed to unique conditions, and it 

has been shown that they have double the aquatic diffusive emissions of GHG compared to 

perennial landcover, largely driven by CH₄ (Logozzo et al., 2025). Agricultural wetlands are 

typically eutrophic, as they receive input from the surrounding farm fields of excess nutrients. 

Wetlands in agricultural zones have been shown to have elevated phosphate and ammonium 

content derived from fertilizer (Logozzo et al., 2025). A study of agricultural ditches concluded 

nutrient input was the primary driver stimulating GHG production and emissions (Wu et al., 

2023). A study conducted in an agricultural wetland in Iowa found that CH₄ emissions were 

predominantly generated within the wetland system itself, while N₂O fluxes were significantly 

influenced by surface water inflows. Nonetheless, the wetland exhibited efficient nitrate (NO₃⁻) 

transformation, resulting in lower N₂O production compared to surrounding cropland and 

downstream areas (Ampe et al., 2025). While restored agricultural wetlands vary in size, they are 

typically shallow, making them more susceptible to rapid warming than deeper waterbodies. 

From the literature review, a rising temperature and a smaller wetland size generally increase 

GHG emissions. A warmer temperature also supports algal blooms at lower nutrient levels 

(Kosten et al., 2009), feeding this positive feedback cycle of an allied attack between climate 

change and eutrophication (Moss et al., 2011). Figure 1.1 provides a summary of directional 

relationships between environmental drivers and GHG emissions discussed in the literature 

review. 
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Figure 1.1: Summary of directional relationships between environmental drivers and GHG 

fluxes (CH₄, CO₂, and N₂O) synthesized from the literature review. Arrows indicate the general 

trend reported across studies (↑ increase, ↓ decrease, → no consistent relationship). Overall, most 

studies exhibited similar directional patterns; however, several papers reported contradictory or 

context-dependent results. 

1.4 Research Gaps 

The number of studies investigating GHG emissions from agricultural wetlands has 

increased globally in recent years (Logozzo et al., 2025; Page et al., 2023; Wu et al., 2023), 

reflecting a growing recognition of the importance of the contribution of agricultural wetlands to 

global GHG budgets. There is, however, a noticeable scarcity of research specifically addressing 

GHG emissions and environmental drivers in restored agricultural wetlands, farm ponds, and 

agricultural reservoirs in Ontario, which hosts >25 % of Canada’s agricultural land (Government 

of Canada, 2022).  Moreover, many of the reviewed studies above did not simultaneously assess 

all three major GHGs within the same site, making it challenging to identify specific 

environmental drivers in well-defined contexts. CH₄ ebullition and oxidation pathways are not 
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consistently addressed in GHG dynamics studies, and information specifically on CH₄ oxidation 

in wetlands is particularly scarce. 

Studies show conflicting relationships between environmental drivers and GHG 

emissions, and certain drivers (such as ions like bromide, lithium, and fluoride, as well as stable 

isotopes) in restored agricultural wetlands remain largely underexplored, leaving a significant 

gap in understanding their influence on GHG dynamics. 

Many studies overlook temporal variability, yet the importance of environmental drivers 

changes over time and across climate zones, influencing GHG dynamics regionally. The 

complexity of emissions in restored agricultural wetlands, shaped by multiple interacting drivers, 

makes it difficult to generalize. Developing localized models for newly constructed wetlands is 

therefore crucial, as these systems may not yet have reached baseline conditions, and 

understanding these processes is essential for accurate regional scaling given climate and land-

use influences. 

1.5 Objectives  

This study aims to investigate GHG emissions from restored wetland systems located on 

or near agricultural lands, also considered farm pond systems. We focus on two of the three 

major GHG emission pathways - diffusive and ebullitive - while characterizing both spatial 

heterogeneity (across and within wetlands) and temporal variability (across seasons). Our 

objectives are to (1) quantify, compare, and interpret spatial and seasonal trends in GHG fluxes 

across restored agricultural wetlands in southern Ontario; (2) identify the key environmental 

drivers influencing these fluxes; and (3) discuss the broader considerations of these findings for 

wetland emissions modeling, management, and monitoring efficiency.  
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Chapter 2: Greenhouse Gas Dynamics in Restored Agricultural Wetlands 

2.1 Background and Context 

Wetlands are functional ecosystems that provide numerous ecosystem services, including 

but not limited to recreation, water filtration, flood control, and carbon storage (Mitsch et al., 

2015; Ramsar Convention Secretariat, 2001; Sharma et al., 2021; Valach et al., 2021).  

Globally, an estimated 3.4 million km² of wetlands have been lost since 1700, primarily 

due to conversion to cropland (Fluet-Chouinard et al., 2023). In Ontario, agricultural activity is 

largely concentrated in the southern region (Statistics Canada, 2022), which has led to extensive 

wetland loss. By 2019, approximately 68% of Southern Ontario’s wetlands had been lost, with 

the greatest declines occurring in areas of intensive agricultural expansion (Penfound & Vaz, 

2022). 

The Canadian Government has a variety of funding programs and incentives to support 

wetland restoration (Environment and Climate Change Canada, 2016, 2021a). The Nature Smart 

Climate Solutions Fund supports the conservation, restoration, and enhancement of wetlands, 

peatlands, and grasslands to promote carbon storage. Wetland ecosystems can be strong carbon 

sequesters through multiple biogeochemical processes (Villa & Bernal, 2018). The federal 

government also recognizes the role of wetlands as nature-based solutions beyond climate 

mitigation, such as reducing nutrient runoff before it reaches sensitive ecosystems like Lake Erie 

(Environment and Climate Change Canada, 2018). The capacity of wetlands to intercept and 

retain nutrients from adjacent agricultural landscapes suggests that these ecosystems play a 

significant role in mitigating harmful algal blooms (HABs), which have re-emerged as a 

persistent issue in Lake Erie (Michalak et al., 2013; Smith et al., 2019; Steffen et al., 2014). 

Consequently, the restoration of wetlands within agricultural watersheds is hypothesized to 
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provide a dual benefit by reducing both the frequency and severity of HABs and contributing to 

climate change mitigation efforts. 

Wetlands, however, are the largest natural source of CH₄, a highly potent GHG (Gedney 

et al., 2004; Jackson et al., 2020; Rosentreter et al., 2021; Saunois et al., 2025), with a global 

warming potential approximately 80 times greater than CO₂ over 20 years due to its short 

atmospheric lifetime and chemical properties (Forster et al., 2021). This makes CH₄ a critical 

target for short-term climate mitigation efforts (Dlugokencky et al., 2011). A model estimates 

that by 2100, wetland CH₄ emissions may increase by 50% to 80% driven by climate warming 

(Koffi et al., 2020). 

A restored wetland represents an effort to rehabilitate the ecosystem to its prior state and 

to re-establish the natural functions it historically provided. The reestablishment of anoxic 

conditions during wetland restoration results in the production of CH₄ and N₂O (Schuster et al., 

2024), thereby complicating the trade-offs between ecosystem service provision and GHG 

emissions mitigation. With a push to restore wetlands, a meta-analysis estimates the impact will 

increase CH₄ emissions, especially in the early years following restoration (He et al., 2024).  

CH₄ emissions from freshwater aquatic systems have the potential to offset carbon 

uptake, thereby minimizing the net carbon sequestration benefits of these ecosystems (Bastviken 

et al., 2011). Considering restored wetlands, the overall GHG balance can vary substantially 

depending on environmental factors such as hydrology, vegetation, and climate conditions (Y. 

Zhang et al., 2025). 

For example, Schuster et al. (2024) reported that restored freshwater wetlands may not 

exhibit a net cooling effect until 141 to 525 years after restoration, indicating limited benefits for 
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short-term climate mitigation goals (Schuster et al., 2024). Similarly, Hemes et al. (2018) found 

that restored, impounded freshwater wetlands in California—ranging from 5 to 21 years old—

emitted enough CH₄ to function as net GHG sources on an annual basis. Their projections 

suggest these systems may only become net climate sinks after one to two centuries (Hemes et 

al., 2018). Northern peatland restorations present yet another long-term trajectory: while they 

initially act as net GHG sources, their warming effect peaks around 50 years post-restoration and 

gradually transitions to a net cooling influence over timescales of several millennia (Frolking et 

al., 2006). 

In contrast, other studies suggest that net carbon sequestration can occur more rapidly 

depending on wetland type and climate. Valach et al. (2021) found that highly productive 

restored freshwater marshes in a Mediterranean climate acted as strong carbon sinks over a 21-

year monitoring period (Valach et al., 2021). Likewise, Yang et al. (2020) showed that coastal 

wetland restorations can become net carbon sinks within just four years, suggesting more 

favourable outcomes in saline or brackish environments (H. Yang et al., 2020). Most topical, the 

restoration of seasonal through to permanent prairie pothole wetlands in Canada was found to 

potentially reduce net GHG emissions over the near term (Badiou et al., 2011). 

Continuing, restored wetlands can act as sources or sinks of CO₂ to or from the 

atmosphere. Once established, restored wetlands generally act as net sinks for CO₂. According to 

He et al. (2024), most wetlands begin sequestering more CO₂ than they emit approximately four 

years after restoration. When considering the full GHG balance of wetland ecosystems, studies 

suggest that CO₂ sequestration can offset CH₄ and N₂O emissions within 40 to 80 years 

following restoration (Günther et al., 2020; Zou et al., 2022). These findings contrast with 

Schuster et al. (2024), who estimate that net cooling in freshwater wetlands occurs over a longer 
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timescale of 141 to 525 years. This discrepancy arises from differences in modelling 

frameworks, with Schuster employing a more conservative approach. Additionally, vegetation 

type plays a significant role in influencing CO₂ fluxes in restored wetlands (Silan et al., 2024). 

Wetland restoration has been shown to reduce N₂O emissions by 68.6 % (He et al., 2024). 

This reduction potential is particularly high on agricultural lands (Kasak et al., 2021), however, 

the presence of residual nitrogen fertilizer in the soils and fluctuating environmental conditions 

can enhance N₂O production (Bonetti et al., 2022). N₂O emissions in wetlands are regulated by 

multiple factors, including substrate availability, pH, temperature, and moisture (Gutknecht et 

al., 2006). Shallow wetlands and areas with water depths less than 9 cm can contribute 

significantly to system-wide N₂O emissions, with water table levels and temperature serving as 

key controlling variables (Kasak et al., 2022). Prairie wetlands exhibited minimal or negative 

N₂O fluxes in this study, suggesting that these wetland types are likely a very small net source of 

N₂O (Tangen & Bansal, 2022). 

Assessing GHG dynamics in newly restored wetlands is essential, particularly in 

agricultural landscapes where most restoration opportunities are found in Southern Ontario 

(Statistics Canada, 2022). The region has experienced the greatest loss of wetland area due to 

conversion to agriculture, resulting in extensive areas with potential for restoration (Ducks 

Unlimited Canada, 2010; Fluet-Chouinard et al., 2023; Snell, Elizabeth A., 1987). Studies using 

wetland suitability indices indicate that substantial areas of Southern Ontario are classified as 

having medium to high suitability for wetland restoration, highlighting significant opportunities 

for ecological recovery in this region (Medland et al., 2020). However, our understanding of 

GHG emission dynamics from restored wetland systems in Southern Ontario farmland is limited. 
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Estimating CH₄ emissions from small waterbodies, such as restored wetlands on or near 

agricultural lands, remains challenging for several reasons (Saunois et al., 2025). Because these 

wetlands are often small and pond-like in structure, studies of similar small aquatic systems are 

particularly relevant. First, these systems exhibit highly variable CH₄ fluxes compared to larger 

water bodies, making it difficult to generalize findings across sites (Holgerson & Raymond, 

2016). Second, there is a limited number of studies focused on CH₄ emissions from restored 

agricultural wetlands, and existing research often lacks sufficient spatial representation or fails to 

report statistical uncertainty, further complicating our understanding (Saunois et al., 2025). 

Third, methodological approaches are not standardized between studies, which introduces 

additional uncertainty into emission estimates (Lauerwald et al., 2023). Furthermore, 

ebullition—CH₄ release via bubbling—remains particularly difficult to constrain and model 

accurately due to its complex and episodic nature, representing an understudied pathway of CH₄ 

emission from small, shallow aquatic systems (Wik et al., 2016).  

This study investigates GHG emissions from restored wetlands on or near agricultural 

lands, including farm pond systems. We measure diffusive and ebullitive fluxes across multiple 

locations and seasons to capture spatial and temporal variability. The objectives are to 

characterize spatial and seasonal GHG flux patterns in restored agricultural wetlands in southern 

Ontario and identify their key environmental drivers to inform improved modeling and 

management.  
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2.2 Methods 

2.2.1 Study Design 

Study Sites 

This study was conducted at seven restored wetlands near London, Ontario, within the 

Lake Erie Basin (Figure 2.1), located across the Thames River, Sydenham River, Kettle Creek, 

and Catfish Creek watersheds (Page et al., 2023). All sites are situated within agricultural 

landscapes and receive runoff from surrounding fields: four via both tile and overland flow, and 

three via overland flow only. The wetlands range in age from about four to eight years since 

restoration and in basin volumes from 927 to 5,365 m³ (Page et al., 2023). Each wetland holds a 

standing body of water with an average surface area between 0.14 to 0.78 ha, making them 

comparable to small ponds that have recently become important in the literature (Holgerson & 

Raymond, 2016). Although the surface area of each wetland is relatively similar, the contributing 

area of the wetlands spans an order of magnitude, ranging from 2.2 to 30 ha. Outflow structures 

vary in complexity across sites, and wetland vegetation has been established at all wetlands. The 

surrounding agricultural fields cultivate a variety of crops, with some undergoing seasonal 

rotation while others maintain the same crop throughout the year (see Page et al. 2023 for more 

site-specific information). 
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Figure 2.1: Study sites in restored agricultural wetlands of southwestern Ontario, Canada, with 

an inset showing the regional context. Wetlands are labelled by DUC site ID (Page et al., 2023). 

Sampling Strategy 

Data was collected during six campaigns spread over one year that covered each season, 

but with a higher frequency in the warm growing season (June, July, August, October of 2024, 

and January/February and April of 2025). Wetlands were visited in randomized order within two 

geographic clusters to minimize bias with sampling at each wetland taking one full day during 

the campaigns. Atmospheric temperature, pressure, and average wind speed were taken each 

sampling day using a Kestrel handheld anemometer. Water and dissolved gas samples were 

taken from three locations: inlet, outlet, and the middle or deepest location (if the deepest 

location was not in the middle). The inlet of each wetland was typically within the wetland itself, 

near an inflowing stream or culvert pipe. The outlet sample would be from the culvert pipe if 
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accessible and running, or the inside of the wetland near the pipe or tile drain location. Vertical 

profiles of temperature, dissolved oxygen (mg/L and %), specific conductance (µS/cm), and pH 

were measured using a YSI EXO2 Sonde at the middle/deepest point of each wetland. Ice 

covered the wetlands in January and February, and YSI profiles were collected after augering a 

hole.  

2.2.2 GHG Sampling Strategy 

Dissolved Gas Sampling 

Vertical profiles of dissolved GHG (i.e., CH₄, CO₂, and N₂O) were measured at the 

deepest point of each location and surface dissolved GHG was measured at the inlet and outlet of 

each site. Dissolved gases were sampled using the headspace equilibration method (McAullife, 

1971), in which a 140 mL syringe was used to equilibrate 100 mL of a water sample with 40 mL 

of pure nitrogen gas following three minutes of shaking. The 40 mL headspace was transferred to 

a 12 mL evacuated exetainer, and triplicate samples were taken at each location or depth. 

Exetainers were analyzed for CH₄, CO₂, and N₂O using a Scion Instruments GHG Analyzer 

(Scion 456-GC), and dissolved gas concentrations were calculated using Henry’s Law of 

Solubility and the true pressure and temperature. 

Diffusive GHG Fluxes 

Diffusive fluxes of CH₄, CO₂, and N₂O were measured at the air–water interface at three 

locations within each wetland (inlet, middle, and outlet) using floating chambers (28 cm 

diameter, 10.9 L total volume) connected to gas analyzers in a closed loop system. The chambers 

were custom-made and equipped with a layer of aluminum foil tape on the surface to reduce heat 
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gain from solar radiation. The same chamber was used for all measurements, and both the 

chamber volume and surface area were specific to that individual chamber. 

To access the middle location, a small inflatable raft was used. At inlet and outlet 

locations, chambers were typically deployed from the shoreline. In occasional cases where water 

was too shallow or inaccessible from the bank, field staff waded into the wetland to find a deeper 

patch. In these instances, sufficient time was allowed for any sediment-disturbed ebullition to 

subside before placing the chamber well away from the walking path, ensuring minimal 

disturbance. 

CO₂ and CH₄ concentrations were measured using a Picarro G4301 or an ABB OA-ICOS 

GLA131, while N₂O was measured with a LI-COR LI-7820. During part of Campaign 3 

(August), an ABB OA-ICOS GLA131 series analyzer temporarily replaced the Picarro. In 

January and February, when temperatures were below the operating range of the Picarro or LGR, 

a Li-COR LI-7810 was used. Using different analyzers for CH₄ or CO₂ flux does not discredit 

the flux data calculated, as flux measurements are dependent on the slope of the concentration 

change rather than the absolute concentration values.  

At each sampling location, three chamber measurements (~3 minutes each) were 

conducted. Fluxes were classified as diffusive if gas concentrations increased linearly over time. 

Valid flux measurements required a minimum of 40 seconds of linear concentration increase.  

Sudden, stepwise increases—indicative of captured bubbles—resulted in a reset of the chamber 

deployment. Floating chambers can inadvertently trap ebullitive bubbles during placement, 

leading to artificially elevated readings. Any such measurements were excluded from analysis. 
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Ambient environmental conditions, including air temperature, pressure, and wind speed, 

were recorded at the time of sampling using a handheld Kestrel anemometer. The molar volume 

was derived by the Ideal Gas Law utilizing the site’s atmospheric conditions at the time of the 

diffusive flux measurement.  

Fluxes (F, mmol m⁻² day⁻¹) were calculated following DelSontro et al. (2016) using the 

equation: F = (
δC

δt
× 𝑉𝐶𝐻 × 86400) / (𝑉𝑚 × A × 1000), where 

δC

δt
 is the concentration change over 

time (ppm s⁻¹), 𝑉𝐶𝐻 is the chamber volume (L), 𝑉𝑚 is the molar volume (L mol⁻¹), and A is the 

chamber surface area (m²). A positive F would be indicative of an emission from the water into 

the atmosphere, while a negative F would indicate gas sequestration from the atmosphere into 

the water column. 

Gas analyzer malfunctions on a few occasions resulted in missing diffusive flux 

measurements for certain locations and dates, accounting for approximately 5% of CH₄ and CO₂ 

data and 10% of N₂O data. For the 9 runs on duckweed, 44% were missing for CH₄ and CO₂ data 

and 0% of N₂O data. Across all campaigns, only about 3% of data could not be collected using 

either the floating flux measurements or back-calculation. Some missing data for duckweed is 

due to its absence in certain campaigns. 

When flux data were unavailable—such as during periods of excessive bubbling or 

analyzer malfunction—diffusive emissions were estimated from water concentrations using the 

equation from Sieczko et al. (2016): 𝐹𝑔𝑎𝑠 = 𝑘 ∗ (𝐶𝑤 −  𝐶𝑒𝑞), where 𝐹𝑔𝑎𝑠  is the gas flux 

(mmol m⁻² day⁻¹), k is the gas exchange velocity (m day⁻¹), 𝐶𝑤 is the observed concentration of 

dissolved gas in the water (mmol L⁻¹), and 𝐶𝑒𝑞 is the gas concentration of surface water in 

equilibrium with the atmosphere (mmol L⁻¹). 
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The gas transfer velocity (k) was derived by back-calculating from valid, site- and 

location-specific flux measurements. For cases where flux data were missing, a representative k 

value was selected based on the back-calculated k from the flux measurement with the closest 

matching dissolved gas concentration and campaign at that site and location. 𝐶𝑒𝑞 was calculated 

as the product of the partial pressure of atmospheric CH₄ and the temperature-corrected Henry’s 

Law constant for CH₄. An average 𝐶𝑒𝑞 of duplicate readings were utilized. 

Ebullitive CH₄ Fluxes 

Ebullitive CH₄ emissions were measured using suspended, custom-made bubble traps in 

two sizes: small (21 cm diameter) and large (66 cm diameter). Large traps were constructed from 

circular plastic trays cut once along the radius, overlapped and glued together, then fitted with 

flexible PVC couplings and a threaded connector to hold an inverted 500 ml glass bottles. Small 

traps were created by inserting a syringe closed with a stopcock through a pre-made funnel and 

sealing binding it to the funnel with waterproof sealant. Weights—hockey pucks or tubing filled 

with sand—were attached around the trap perimeter to submerge and stabilize it, while foam 

flotation tubes suspended the funnels 0.5 to 1 m below the water surface. Traps were deployed in 

a transect hanging from a rope that stretched across the wetland’s deepest location. Five traps 

were deployed per site: two small with one on each end of the transect in the shallowest locations 

and three large traps equally spaced between the two small traps. A second parallel rope served 

as a guide for boat access to avoid disturbing the traps or sediment. Traps were deployed for 24 

hours, and if sufficient gas accumulated, triplicate samples were collected. For small traps, a 

sampling syringe was directly connected to the funnel syringe to extract gas. For larger traps, the 

glass bottle was carefully unscrewed from the funnel while remaining partially submerged to 

keep the accumulated gas within the bottle. Then a sampling syringe with an 8-inch tubing was 
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submerged under water to fill the tubing with water before guiding it into the collection bottle. 

Accumulated gas was drawn from this bottle while it remained partially submerged to avoid 

atmospheric contamination. For both sampling methods, the gas was transferred to a dry syringe 

before being injected into pre-evacuated exetainers. The volume and CH₄ concentration of 

collected gas were used to estimate ebullitive CH₄ flux, with gas concentrations analyzed using a 

Scion Instruments GHG Analyzer. Ebullitive CH₄ flux (ml day⁻¹ cm⁻²) was calculated as the 

product of the total gas volume collected in the trap (𝑉collected) and the fraction of CH₄ in the 

sample (𝐶CH₄), divided by the trap area (𝐴trap) and deployment time (𝑡): 

CH4 Flux (ml day
−1

 cm−2) =
𝑉collected×𝐶CH₄

𝐴trap×𝑡
; where 𝑉collectedis in milliliters, 𝐶CH₄is unitless (e.g., 

0.02 for 2 %), 𝐴trapis in cm², and 𝑡 is in days. As the results of the CH₄ concentrations have not 

yet been received, this paper will focus on discussing the volume of gas released. 

Statistical Analysis 

GHG flux data were analyzed in R (version 4.4.2) to assess differences among and within 

wetland sites and identify statistical outliers. Prior to analysis, data were filtered to exclude 

duckweed (DW) measurements; for Campaign 5, only “Ice” and “Snow” locations were retained 

for the Middle location to maintain consistency between environmental driver analysis. 

For each gas (CH₄, CO₂, and N₂O), nonparametric analyses were conducted using the 

Aligned Rank Transform (ART-ANOVA) to evaluate site-level effects, followed by post-hoc 

pairwise comparisons using Holm-adjusted p-values. Results were cross-validated with Kruskal–

Wallis tests and Dunn’s multiple comparisons. Outliers were identified within each site using 

both Grubbs’ test and interquartile range (IQR) or median absolute deviation (MAD) criteria. 
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Additionally, Mann–Whitney U tests were used to compare Site MA against all other sites 

combined.  

2.2.3 Water Chemistry 

Water samples were collected from the inlet, outlet, middle surface, and middle bottom of 

each wetland. Samples were stored in dark bottles to prevent photodegradation. Samples were 

filtered within 24 hours of collection (0.2 µm filter) and kept in the refrigerator or freezer until 

processing. Particulate organic matter (POM) and chlorophyll-a filters were prepared within 

hours of water collection and stored in the freezer until processing.  

Water samples were analyzed for dissolved organic carbon (DOC), dissolved inorganic 

carbon (DIC), cations (Li⁺, Na⁺, K⁺, Mg²⁺, Ca²⁺, NH₄⁺) and anions (F⁻, Cl⁻, Br⁻, NO₂⁻, NO₃⁻, 

PO₄³⁻, SO₄²⁻), total phosphorus (TP), total nitrogen (TN), soluble reactive phosphorus (SRP), 

dissolved phosphorus (DP), chlorophyll-a and phaeophytin, stable water isotopes (δ¹⁸O, δ²H), 

and particulate organic matter (POM) isotopes (δ¹³C, δ¹⁵N). 

DOC and DN were measured on an Analytik-Jena Multi N/C 3100 analyzer at Wilfrid 

Laurier University. DOC was run as non-purgeable organic carbon on filtered water. DIC was 

analyzed using a Dohrmann DC-190 Total Carbon Analyzer in inorganic carbon mode at the 

University of Waterloo’s Environmental Geochemistry Lab. Cations and anions were analyzed 

via ion chromatography (Metrohm 940 IC Vario) at the Urban Water Research Centre, Toronto 

Metropolitan University.   

Phosphorus samples were analyzed using a standard protocol (Wetzel and Likens, 2000) 

at the GRIL-Université du Québec à Montréal (UQAM) analytical laboratory. Nitrogen samples 

were analyzed at the GRIL- UQAM analytical laboratory with a continuous flow analyzer (OI 
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Analytical Flow Solution 3100 ©) using an alkaline persulfate digestion method, coupled with a 

cadmium reactor, following a standard protocol (US EPA Method 353.2, Patton and Kryskalla, 

2003). 

Chlorophyll-a and phaeophytin samples were prepared by filtering water through 0.45 

µm GF/F filters, extracted in 90% acetone, and quantified using a Turner Designs TD 10AU 

Fluorometer at the University of Waterloo Wetland Science Laboratory. 

Stable isotopes of water and POM were analyzed at the University of Waterloo 

Environmental Isotope Lab. δ¹⁸O and δ²H of water was measured using a Triple Liquid Water 

Isotope Analyzer (LGR T-LWIA-45-EP) following Lis et al. (2008). δ¹³C and δ¹⁵N of POM were 

measured using an IsoPrime isotope ratio mass spectrometer coupled to a Costech elemental 

analyzer following filtration through 0.45 µm QMA filters and drying. Results were normalized 

to international standards and reported with typical analytical errors of ±0.2‰ for δ¹³C and 

±0.3‰ for δ¹⁵N. 

2.2.4 Environmental Driver Analysis on Diffusive Emissions 

Kendall Correlation 

To assess relationships between GHG diffusive fluxes and environmental parameters 

during summer, Kendall rank correlations were applied using data from Campaigns 1 to 3 (June 

– August) at middle wetland locations. These campaigns were selected to control temperature 

variability, as they were the three campaigns closest in temperature; therefore, seasonal 

variability is minimized, allowing us to identify which variables other than temperature influence 

GHG emissions. No duckweed measurements were included in this analysis. Kendall’s tau was 

chosen due to non-linear relationships in the data and its robustness with small sample sizes (n ≈ 
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21). Correlations were computed using the dplyr and stats packages in R, with missing values 

handled on a per-variable-pair basis. 

 Environmental parameters included in the analysis are outlined in Table 2.1. Variables 

directly related to GHG concentration measurements were excluded from the analysis to avoid 

circularity. Site was excluded from the Kendall correlation analysis because it is a categorical 

variable and cannot be meaningfully used in Kendall’s rank-based correlation, which requires 

numeric data. 

Table 2.1: Environmental parameters included in the Kendall correlation analysis, grouped by 

category. 
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Category Variable Name 

Water Chemistry Dissolved Oxygen Surface (%) 

 Dissolved Oxygen Depth (%) 

 Water Temperature (°C) 

 pH 

 Specific Conductivity (µS/cm) (SPC) 

Stable Water Isotopes Oxygen-18 Isotope 

 Hydrogen-2 Isotope 

POM Isotopes POM Carbon-13 Isotope 

 POM Nitrogen-15 Isotope 

 C:N Ratio 

Physical Parameters Max Depth (m) 

 Secchi Depth (m) 

Nutrients Dissolved Phosphorus (µg/L) (DP) 

 Total Nitrogen (ppm) (TN) 

 Soluble Reactive Phosphate (µg/L) (SRP) 

 Total Phosphorus (µg/L) (TP) 

 Dissolved Organic Carbon (mg/L) (DOC) 

 Dissolved Nitrogen (mg/L) (DN) 

 Chlorophyll-a (µg/L) 

 Phaeophytin (µg/L) 

 Dissolved Inorganic Carbon (ppm C/L) (DIC) 

 Nitrate (ppm) 

 Nitrite (ppm) 

Major Ions Fluoride (ppm) 

 Chloride (ppm) 

 Bromide (ppm) 

 Lithium (ppm) 

 Sodium (ppm) 

 Ammonium (ppm) 

 Potassium (ppm) 

 Calcium (ppm) 

 Magnesium (ppm) 

 Phosphate (ppm) 
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Random Forest 

Random Forest regression models were applied to identify key environmental drivers of 

diffusive CH₄, CO₂, and N₂O fluxes, incorporating all seasonal data beyond the summer-only 

Kendall correlation analysis. Duckweed measurements were included by creating a numerical 

indicator of duckweed presence, and only winter measurements taken on ice or snow were 

included (prior to augering). Different sets of predictor variables were selectively included or 

excluded to assess their influence on model performance. Predictors included physicochemical 

parameters, nutrient concentrations, isotopic signatures, and site metadata (see Table 2.1). 

For each gas, initial Random Forest models were fit to rank predictors by mean decrease 

in accuracy (%IncMSE), with higher %IncMSE indicating greater importance. The top 10 

predictors were visualized as horizontal bar plots to highlight the most influential environmental 

drivers. To assess the role of wetland Site, models were run both with and without Site as a 

categorical predictor, allowing comparison of the top predictors and evaluation of how much Site 

contributed to explaining variation in diffusive GHG fluxes. 

To evaluate the predictive power of Inlet and Outlet measurements for Middle diffusive 

fluxes, the Middle fluxes were treated as response variables and the corresponding Inlet and 

Outlet measurements as predictors. The dataset was cleaned by removing variables measured 

only at Middle locations (e.g., YSI variables) and excluding predictors with fewer than five non-

missing values. Random Forest models were trained on Inlet or Outlet predictors and tested 

against observed Middle fluxes to calculate R² and RMSE. For comparison, baseline models 

used only Middle measurements as predictors. This approach quantified the relative ability of 

Inlet and Outlet chemistry to explain Middle GHG fluxes. 
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2.3 Results 

Summary of Environmental Conditions Across Wetlands 

Sampling occurred across four seasons with air temperatures ranging from –11.8 °C to 

36.5 °C, covering the typical climate gradient experienced in Southern Ontario. Observed water 

temperatures reflected a similar wide range in our shallow systems (surface water = –0.3 °C to 

32.3 °C). The highest average air temperatures occurred during the summer (27 to 29 °C). In 

winter, the average air temperature reached a low of -7 °C. Dissolved oxygen (DO) saturation at 

the surface ranged from 0% to 171.9%, while at depth, a smaller range from 0% to 126.6% was 

observed.  Specific conductance (SPC) ranged from 57.3 to 944 µS/cm, and pH values ranged 

from 6.62 to 9.42. Air pressure ranged from 973.7 to 1006.7 hPa. Observed wind speeds covered 

a typical range for the region, from no wind, particularly during warmer months, to >8 m/s. 

The winter campaign, conducted in January and early February, had an average air 

temperature of -6.84°C, with a minimum of -11.8°C. Winter recorded the lowest water 

temperatures at both the surface and the depth of the wetland. Surface dissolved oxygen levels 

were low during winter, like those in July (Campaign 2). Dissolved oxygen saturation ranged 

from 30.4% to 107.7% just below the ice, and from 0% to 83% at depth. pH remained stable 

year-round, with no significant changes seen in winter. The highest SPC was observed at depth 

during winter (Figure 2.2). 
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Figure 2.2: Bar plots showing the average surface (orange) and above bottom (i.e., depth in 

purple) water quality parameters measured at the middle location across multiple campaigns (1 in 

June 2024; 2 in July 2024; 3 in August 2024; 4 in October 2024; 5 in January/February 2025; 6 

in April 2025). Values represent mean water temperature (°C), specific conductivity (µS/cm), 

pH, and dissolved oxygen (DO) saturation (%).  

 

 

Figure 2.3: Maximum water depth measured across wetland sites over six monitoring 

campaigns. 
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Maximum water depths for 3 of the wetlands ranged from 1.5 – 2.5 m, another 3 ranged 

from 1-1.5 m and one site (BL) was only a few centimeters deep in fall and ~1 m at maximum 

(Figure 2.3). Some wetlands displayed minimal depth variation throughout the year, while 

others experienced larger fluctuations; however, no wetland ever went dry during the sampling 

period. Shallowest wetland depths occurred in the fall (October), following a loss of 0.15 to 0.95 

m from August. Ice thickness ranged from approximately 10 to 20 cm.  

Average nutrient concentrations and ion concentrations per wetland and campaign are in 

Appendix A1 and A2, respectively. Total phosphorus (TP) ranged from approximately 16 to 

1060 µg/L, while soluble reactive phosphorus (SRP) ranged from 2 to 248 µg/L, comprising 

roughly 12–23% of TP throughout the year. SRP peaked at Site MA during January and 

February, whereas patterns were more stable across other sites, with a slight increase during July. 

Total nitrogen (TN) ranged from 0 to 46 ppm, dissolved inorganic carbon (DIC) from 7 to 

70 ppm C/L, and non-purgeable organic carbon (NPOC) from 3 to 9 mg/L over the same period. 

Major ion concentrations varied among wetland sites, reflecting differences in hydrology and 

potential anthropogenic inputs such as road salt or agricultural runoff. Among all measured ions, 

calcium exhibited the highest mean concentration across wetland sites over the sampling period. 

Most of the systems would be considered eutrophic to hyper-eutrophic based on the range in TP, 

with SRP comprising up to a quarter of TP. TN and DOC also indicate that these are highly 

productive systems.   

 2.3.1 Diffusive GHG Flux Results 

Six of the sites (BL, DY, FE, LL, MO, OH) exhibited similar orders of magnitude for 

diffusive emissions of all three GHGs, with the exception being site MA, which displayed the 

highest fluxes for all gases (Figures 2.4, 2.5, 2.6). MA is a distinct outlier in this set of study 
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wetlands. Annually, diffusive CH₄ and CO₂ fluxes spanned over 2 orders of magnitude, but only 

by ~1.5-1.7 when excluding Site MA (duckweed locations excluded). N₂O fluxes showed the 

greatest variability, spanning just about 3 orders of magnitude overall and dropping to ~1.8 when 

Site MA was removed. This order-of-magnitude analysis excluded extreme values by 

considering only the 5th–95th percentiles, included MA flux values when duckweed was 

removed, and included only winter fluxes measured on top of ice or snow (i.e., not from an ice 

hole). Therefore, MA fluxes may be overestimated relative to when duckweed coverage could 

act as a flux barrier, and the winter estimates could be underestimating if any freeze–thaw events 

occurred during winter.   

 

Figure 2.4: Boxplots showing the overall variability of diffusive GHG fluxes (CH₄, CO₂, N₂O) 

across wetland sites. Data includes all inlet, middle, and outlet locations combined for each site 

over 6 campaigns spanning one year. Measurements taken on duckweed, snow, ice, and after 

augering a hole in winter are included. N₂O fluxes were measured at each sampling, but the 

majority were close to zero and hence hard to visualize here (see Figure 2.6 for more detail). 

Each box represents the interquartile range, the horizontal line indicates the median, and 

whiskers extend to the minimum and maximum values within 1.5× the interquartile range. 

Outliers beyond this range are shown as individual points. 
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Figure 2.5: Boxplots of CH₄ (top) and CO₂ (bottom) fluxes (mmol m⁻² day⁻¹) by site and 

location category across the annual sampling period. Winter measurements include only ice and 

snow fluxes, representing the minimum fluxes expected during the coldest season. Winter 

measurements were only taken at the middle location. Red points indicate back-calculated data 

used when direct chamber measurements were not feasible. Duckweed locations at site MA are 

represented with a dark green point. Neon-green points represent back-calculated duckweed 

locations. Each box represents the interquartile range, the horizontal line indicates the median, 

and whiskers extend to the minimum and maximum values within 1.5× the interquartile range. 

Outliers beyond this range are shown as individual points. 
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Figure 2.6: Boxplots display N₂O fluxes (mmol m⁻² day⁻¹) by site and location category across 

the annual sampling period. Duckweed locations at site MA were excluded. Winter 

measurements include only ice and snow fluxes from the middle location, representing the lowest 

fluxes during the coldest season. Red points indicate back-calculated values used when direct 

chamber measurements were infeasible. Each box represents the interquartile range, the 

horizontal line indicates the median, and whiskers extend to the minimum and maximum values 

within 1.5× the interquartile range. Outliers beyond this range are shown as individual points. 

 

Diffusive GHG Flux Spatial Variability   

Diffusive CH₄ fluxes across all wetlands ranged from 0 to 221.7 mmol/m²/day, with all 

wetlands acting as CH₄ sources year-round, including winter (see Appendix A3). MA had the 

highest mean observed emissions and standard deviation (46.8 mmol/m²/day, SD = 65.6), 

whereas the six other sites ranged in mean emission from 1.7 to 4.0 mmol/m²/day (SD 1.5 – 5.5). 

The standard deviation indicates that LL and OH were the least variable sites, while MA is the 

most variable. Diffusive CO₂ fluxes ranged from -93.8 to 649.7 mmol/m²/day, acting as a source 

or sink depending on site and campaign (see Appendix A3), but the majority of measurements 

were positive. Wetland OH had the lowest mean observed annual flux (2.8 mmol/m²/day) 

because of several negative flux measurements, indicating significant CO₂ uptake at this site. In 
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addition, Site OH was the least variable site (SD = 40.4). As with CH₄, MA emitted the highest 

observed mean diffusive CO₂ flux and was also the most variable (mean = 315.4 mmol/m²/day; 

SD = 177.8). MO was the second-highest CO₂ emitter and the only other site besides MA at 

which no CO₂ uptake was observed during any campaign. Diffusive N₂O fluxes ranged from -

177.7 to 815.9 µmol/m²/day, indicating minor uptake or emission (see Appendix A3). All 

wetlands (except MA) had very low mean observed emissions annually (under 20 µmol/m²/day), 

indicating that these systems do not strongly emit N₂O. 

Between wetlands, CH₄ flux did not significantly vary by site (ART-ANOVA: F6,101 = 

1.83, p = 0.101, Kruskal-Wallis: χ²₆ = 10.47, p = 0.106); however, post-hoc tests indicate that 

comparisons involving the MA site were the only ones approaching significance. Mann-Whitney 

U test (W = 1072, p = 0.0037) confirmed that MA’s CH₄ flux distribution significantly differed 

from other sites. CO₂ flux varied significantly (F₆,₁₀₁ = 12.28, p < 0.001; Kruskal-Wallis: χ²₆ = 

45.13, p < 0.0005). Post-hoc tests identified the highest emitter MA as distinct from all five sites 

(p < 0.001) except the second highest emitter MO, and that the wetland that exhibited the most 

uptake, OH, also differed from MO (p = 0.0002) and FE (p = 0.0440). DY also differed 

significantly from MO (p = 0.0024). The Mann-Whitney U test exhibited MA as having a unique 

CO₂ flux distribution from other sites (W = 1350, p < 0.001). N₂O flux varied significantly 

(ART-ANOVA: F₆,₁₁₇ = 4.4, p << 0.001; Kruskal-Wallis: χ²₆ = 22.66, p < 0.001). Site MA had 

the largest range (-0.02 to 7.4) and the highest recorded flux (7.4), LL and OH had the lowest 

mean annual fluxes, and Dunn’s pairwise comparison test showed MO differed from DY, FE, 

and LL (p < 0.13). Statistical analysis in this section excluded duckweed measurements, and for 

winter, only snow and ice measurements were considered.  
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Within wetlands, diffusive CH₄ fluxes were generally within one order of magnitude 

among locations across sites and campaigns (1–1.4), except MA in June (2.0). CO₂ fluxes were 

also within one order of magnitude, except at DY in July (1.02), FE in August (1.4), OH in 

October (1.4), and LL in April (1.1). N₂O fluxes showed similar consistency (1–1.1), with higher 

variation at FE in June (1.3), MA in July (1.5), and OH in June (2.3). For each gas, localized 

emission hotspots were observed, with some middle locations exhibiting the highest and others 

the lowest fluxes. Overall, Kruskal-Wallis tests indicated no significant differences among inlet, 

middle, and outlet locations within any wetland during each campaign for any GHG (all 

p > 0.05).  
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Diffusive GHG Flux Seasonal Variability   



 

 

42 

 

Figure 2.7: Seasonal variations in diffusive CH₄, CO₂ and N₂O emissions across restored 

wetland sites in the middle location. Light blue bars represent fluxes from the middle location of 

each wetland, including the ice hole drilled in January and February. Fluxes taken on top of 

snow/ice or duckweed are distinguished by dark blue and green bars, respectively. Dark blue bars 

for ice and snow measurements are present but not visible at this scale, indicating extremely low 

emissions of CH₄, CO₂, and N₂O from snow/ice at those sites. Note that majority of N2O fluxes 

are near zero and thus not quite visible at the reported scales. 

 

Figure 2.8: Boxplots of CH₄, CO₂, and N₂O fluxes (mg m⁻² d⁻¹) across six sampling campaigns 

at the middle locations. All measurements were included to show overall variability. CH₄ fluxes 

have been visually zoomed to improve clarity, while extreme values remain included in the 

calculations. A red arrow indicates the maximum value for each month in the CH₄ panel that is 
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not visualized. Each box represents the interquartile range, the horizontal line indicates the 

median, and whiskers extend to the minimum and maximum values within 1.5× the interquartile 

range. Outliers beyond this range are shown as individual points. 

 

Diffusive CH₄ flux varies by month, with the highest emissions and variability in August 

(SD = 51.8, IQR = 7.6) (Appendix A4). For winter, only ice and snow measurements were 

included as those were the realistic conditions on the site at that time. No duckweed 

measurements were included. Visually, the data suggests an annual cycle, with low emissions at 

the start of the growing season, a rise through the summer, a decline in the fall, a sharp drop in 

winter, and a return to low levels at the onset of the following growing season (Figure 2.8). In 

winter, diffusive flux measurements taken over snow and ice showed the lowest recorded 

emissions, representing the realistic flux from the wetland water body under continuous frozen 

conditions without freeze-thaw events. The light blue bar in January/February represents flux 

measurements taken from open water after drilling through the ice, capturing the effect of 

periodic ice melting events during the winter (Figure 2.7). Winter had the lowest recorded 

emissions and variability (SD = 0.44).  

The highest CO₂ emissions occurred in October, but were very similar in July and August  

(mean = 116.2, 107.1 and 103.3 mmol/m²/day respectively), while the lowest were observed 

during winter when considering over snow/ice fluxes (dark blue bars, Figure 2.7). Interestingly, 

emissions from the ice holes (light blue bars, Figure 2.7) indicated that thawing events occurring 

during winter could lead to emissions comparable to those in April (Figure 2.7). Early in the 

growing season (i.e., June) shows some sites actively sequestering CO₂. As temperatures rise 

through July and August, most sites exhibit high emissions, except for OH in August, which 

continues to uptake. In the fall, emissions generally stay elevated at most sites, though LL and 

OH continue to act as carbon sinks. Winter fluxes are the lowest across the year, but not all sites 
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show near-zero emissions; notably, BL, DY, and MO have higher emissions on snow and ice 

during winter compared to other sites. In April, despite cooler temperatures, emissions resemble 

those of August, with Site BL even exhibiting higher emissions in April than in August. CO₂ 

measurements display greater variability than CH₄, reflected in larger standard deviations each 

month, with October recording the highest standard deviation (SD = 190.5). 

As the majority of seasonal N₂O fluxes were close to zero (either negative or positive), 

the most notable aspects of the seasonal N₂O emissions were the extreme emissions from MA in 

June but also significant uptake in LL and OH also in June.  

 

 

Figure 2.9: Dissolved CH₄ profiles at each restored wetland site across all sampling seasons. In 

October, wetlands exhibited their lowest maximum water depths (at BL, only surface samples 

were collected). During the January/February campaign, winter conditions compromised samples 

at BL and FE, resulting in profiles with only surface or limited depth measurements. 
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Elevated concentrations of dissolved gases were recorded near the bottom of the water 

column during winter in some wetlands (MA, LL, OH), occasionally exceeding fall levels, 

indicating gas accumulation beneath the ice cover (Figure 2.9). Dissolved gases were generally 

stratified during the summer, despite the shallow depths of the wetlands, and became well-mixed 

in the fall. In winter, stratification re-emerged in all wetlands, except at BL and FE, where data 

were unavailable due to sampling failures. MO stands out as having extremely unique dissolved 

gas profiles, having lower concentrations at depth throughout the entire year. 

2.3.2 Ebullitive GHG Flux Results 

Ebullitive GHG Flux Spatial Variability 
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Figure 2.10: Boxplots showing the total gas released (ml/day/cm²) across sampling sites. Each 

box represents the distribution of measured gas release per site encompassing all funnels on the 

transect. In winter, there were no measurements taken. Each box represents the interquartile 

range, the horizontal line indicates the median, and whiskers extend to the minimum and 

maximum values within 1.5× the interquartile range. Outliers beyond this range are shown as 

individual points. 

 

Ebullitive gas release varied across campaigns and sites, with average values ranging 

from near 0 up to 0.444 ml/day/cm² (Appendix A5 and A6). Site BL consistently showed some 

of the highest fluxes, particularly in Campaigns 2 and 3, while MO also exhibited elevated 

emissions in campaigns 2, 4 and 6 (Figure 2.10). Outlier points in Site BL may be due to its 

fluctuating water depth through the year, resulting in pressure changes. Sites LL and OH 

generally had lower average fluxes, though some individual measurements exceeded typical 

ranges, as indicated by MAD and IQR outlier analyses. Site OH was consistently one of the 

deepest wetlands in contrast to BL. Several samples were identified as outliers, indicating 

localized peaks and variability in gas release, with some observations noting funnel placement or 

sampling conditions that could have affected the measurements. Overall, gas release showed 

both spatial (site-to-site) (ART-ANOVA: F6,139 = 42430.9, p = 0.0003) and temporal (campaign-

to-campaign) variability, with lower emissions in October and April compared to the summer 

months (June, July, August). 
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Ebullitive GHG Flux Seasonal Variability 

Figure 2.11: Seasonal variations in ebullitive emissions across restored wetland sites. Fluxes are 

shown from all locations across the transect. No measurements were taken during winter. Each 

box represents the interquartile range, the horizontal line indicates the median, and whiskers 

extend to the minimum and maximum values within 1.5× the interquartile range. Outliers beyond 

this range are shown as individual points. 

 

The highest mean release of gas occurred in August (0.107 ml/day/cm²). October and 

April released the least amount of gas throughout the year; however, we can assume that in 

winter, there was also low bubble release due to the ice layer on top of the wetland (Figure 

2.11). There is greater variability in August (SD = 0.11) than in April (SD = 0.025), indicating 

that during these cooler months, gas release is more consistently low. The largest IQR range was 

recorded for August, showing a wider spread of gas release values. This range is highly influence 

by BL in August, most likely due to BL being the shallowest wetlands with fluctuating water 

depth through the year, resulting in pressure changes.  
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2.3.3 Environmental Drivers Analysis Results 

Kendall Correlation During the Peak GHG Production Season 
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Figure 2.12: Kendall rank correlations between diffusive fluxes of CH₄, CO₂, and N₂O and their 

associated environmental drivers. Correlations are filtered by significance thresholds (p < 0.05 

for CO₂; p < 0.10 for CH₄ and N₂O) using base R’s cor.test function. Data are restricted to 

Campaigns 1–3 (June–August) to ensure consistent summer temperatures and include only 

middle locations where YSI data were collected. Measurements taken on duckweed were 

excluded. Orange bars represent negative correlations, while blue bars represent positive 

correlations. Unless specified, all variables were measured at the surface of the wetland. 

 

Figure 2.12 visualizes the results of the Kendall correlation for diffusive CH₄, CO₂, and 

N₂O emissions for the three summer campaigns (June, July, August) to control for temperature 

(see Appendix 7). The importance of duckweed was not considered until Campaign 2, and thus, 

this analysis was conducted without duckweed measurements to ensure a consistent flux type 

across this analysis. Kendall Tau correlation ranking found that the most significant parameters 

impacting diffusive CH₄ flux in a negative direction were dissolved oxygen saturation at the 

surface and depth of the wetland (%), pH, and the δ¹³C of particulate organic matter (POM), 

whereas depth positively correlated with diffusive CH₄ emissions. Like CH₄, CO₂ flux was 

negatively correlated with pH, dissolved oxygen at the surface, δ¹³C of particulate organic matter 

(POM). Several more positive correlates were found for diffusive CO₂ than for CH₄: Calcium, 

DIC, SPC, potassium, lithium, ammonium and nitrate. N₂O flux negatively correlated with pH 

and dissolved oxygen at the surface (like both CH₄ and CO₂) as well as stable water isotopes. 

N₂O flux correlated most significantly and positively with different N (TN, NO2, NO3, DN) and 

P (TP, DP, PO4) species found in the water column. Importantly, the correlation between pH and 

gas fluxes reflects shared underlying processes rather than direct causation.  
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Random Forest Modelling of Diffusive GHG Fluxes 

 

Figure 2.13: Variable importance for Random Forest prediction of diffusive GHG emissions. 

Importance is measured as the mean decrease in model accuracy (%IncMSE) when each variable 

is permuted. Categorical predictor ‘Site’ was excluded in one scenario and included in another to 

test for any site-specific parameters not measured. Variables in red text differ between the two 

scenarios, while green text indicates variables shared across both models. Site is highlighted 

when it appears in importance. Measurements collected on duckweed were excluded from 

analysis, although duckweed was retained as a categorical variable. Winter measurements were 

limited to those taken on ice during the winter season. 

 

Random Forest results excluding Site as a predictive variable were most comparable to 

the Kendall correlation results, although the latter only included summer data when GHG 

emissions are presumed to be highest. A complementary Random Forest (RF) analysis was 

conducted, as this method provides a more robust approach for identifying key environmental 

drivers, particularly given the non-linear relationships and relatively small dataset. 
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When Site was excluded from the Random Forest (RF) models, both RF and Kendall’s 

tau (KT) analyses identified similar key predictors across gases. For CH₄, dissolved oxygen 

(surface and depth) and pH were common between methods, with all three ranking among the 

top predictors in RF (though pH was slightly less important in KT, ranking fifth). KT identified 

fewer significant variables overall (five total), while the RF analysis highlighted more, including 

productivity-related parameters such as chlorophyll-a, phaeophytin, DIC, duckweed cover, and 

DP, suggesting broader environmental influences beyond those captured in the summer-only KT 

analysis. For CO₂, six of the top ten predictors overlapped between KT and RF, including 

dissolved oxygen, pH, δ¹³C-POM, DIC, calcium, and specific conductance (SPC), although their 

relative importance varied (e.g., DO ranked first in RF but fourth in KT). KT uniquely identified 

nitrate, ammonium, and other ions (K, Li), whereas RF emphasized chlorophyll-a, δ¹⁵N-POM, 

DP, and duckweed cover—again pointing to productivity and vegetation-related drivers that may 

not be captured in the summer-only KT dataset. For N₂O, seven of the ten RF predictors 

overlapped with KT, including nitrite, dissolved nitrogen, dissolved phosphorus, total nitrogen, 

δ²H-H₂O, δ¹⁸O-H₂O, and calcium. Water isotopes were identified in both analyses, though with 

lower overall importance. KT highlighted primarily nitrogen species (DO, TN, TP) among its top 

predictors, whereas RF ranked δ¹⁵N-POM and DP highest. The absence of nitrate in the RF 

results may reflect its low concentration outside the summer campaigns used in the KT analysis. 

Again, the correlation between pH and gas fluxes reflects shared underlying processes rather 

than direct causation.  

Regarding the Random Forest results, variable importance analysis indicates that Site is 

among the top 10 predictors for CH₄ and CO₂, ranking seventh most important for CH₄ and third 
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for CO₂ (Figure 2.13). Including Site changed the top 10 predictors: for CH₄ and CO₂, three and 

two variables were removed, respectively, while two and one new variables were added. 
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Figure 2.14: Partial-dependence plots for the top 10 predictor variables in the Random Forest 

models without site included as a predictor variable. The y-axis represents the predicted response 

values averaged across all observations for each predictor value. The histograms at the bottom of 

each plot display the distribution of the predictor values, highlighting the density of observations 

that inform the plotted relationships. The quick drop in values (for example, CH₄ for dissolved 

oxygen) is an artifact of the outlier results from Site MA.  

 

Partial dependence analysis for diffusive CH₄ (Figure 2.14A) indicates that emissions 

increase with higher levels of dissolved inorganic carbon (DIC), chlorophyll-a, dissolved 

phosphorus (DP), and dissolved organic carbon (DOC). Diffusive CH₄ also rises with more 

positive δ²H water isotope values and duckweed cover (noting that only one out of seven sites 

had duckweed). Emissions begin to rise sharply when DIC exceeds approximately 25 ppm C/L, 

chlorophyll-a surpasses ~35 µg/L, and DP increases beyond 25 µg/L, levelling off around 40 

µg/L DP. In contrast, CH₄ emissions decrease sharply with higher surface and depth oxygen 

levels (% DO) and with increasing pH or phaeophytin. The steepest declines occur when surface 

DO reaches about 25% and pH exceeds 7.5. 

Partial dependence analysis for diffusive CO₂ (Figure 2.14B) shows that emissions 

increase with higher calcium, dissolved phosphorus, DIC, specific conductivity, chlorophyll-a, 

and more positive δ¹³C POM isotope values. CO₂ emissions begin to rise noticeably above 

approximately 25 µg/L DP and 40 ppm C/L DIC. In contrast, CO₂ emissions decrease with 

increasing surface DO and pH, indicating reduced flux under more oxygenated or alkaline 

conditions. CO₂ emissions also decrease with increasing δ¹³C POM isotope values.  

Partial dependence analysis for diffusive N₂O (Figure 2.14C) shows that emissions 

increase with higher δ¹⁵N POM isotope, dissolved phosphorus, nitrite, total nitrogen, dissolved 

nitrogen, specific conductivity, and calcium. In contrast, N₂O emissions decrease with more 
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positive δ²H and δ¹⁸O water isotope values, suggesting that isotopically lighter waters are 

associated with greater N₂O fluxes. 

Random Forest models revealed that both Inlet and Outlet measurements explained a 

substantial portion of the variation in Middle diffusive fluxes, often outperforming models using 

only Middle measurements (Table 2.2).  

Table 2.2: Random Forest model performance metrics for predicting diffusive GHG fluxes 

(CH₄, CO₂, N₂O) in the Middle of each wetland. R² indicates the proportion of variance 

explained, and RMSE (Root Mean Squared Error) quantifies prediction error. Metrics are shown 

for three scenarios: using Middle predictors only (baseline), Inlet predictors, and Outlet 

predictors. No YSI variables were included; dissolved gas measurements were included. Higher 

R² and lower RMSE indicate better predictive performance. 

 

Gas R² Middle RMSE Middle R² Inlet RMSE Inlet R² Outlet RMSE Outlet 

CH₄ 0.52 16.26 0.94 7.56 0.98 5.97 

CO₂ 0.59 89.82 0.95 47.55 0.95 43.70 

N₂O -0.05 1.45 0.98 0.47 0.99 0.47 

 

For CH₄ and CO₂, R² values were higher when using upstream predictors, indicating that 

water chemistry at the wetland edges strongly influences Middle fluxes. N₂O showed weaker 

predictability, particularly for the Middle-only baseline. Overall, these results suggest that 

upstream water quality can serve as a useful proxy for GHG dynamics in the center of restored 

wetlands, although local factors remain important for certain gases. 
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2.4 Discussion  

2.4.1 Flux Variability in Restored Agricultural Wetlands of Southern Ontario 

This study collected data from restored agricultural wetlands in Ontario, Canada. These 

systems are comparable in size and function to those described in the literature as farm ponds, 

shallow ponds, prairie pothole wetlands, and both natural and restored wetlands of similar size 

(Appendix A8). Site MA exhibited the highest measured CH₄ flux at the inlet location—

approximately five times greater than the highest value reported in the literature. However, the 

median CH₄ flux at Site MA was lower (25.4 mmol CH₄ m⁻² day⁻¹), remaining within the range 

reported for similar systems, including agricultural reservoirs in Saskatchewan, constructed 

stormwater wetlands in British Columbia, and small artificial ponds influenced by duckweed 

(Appendix A8). When Site MA is excluded, the average median CH₄ flux across the remaining 

wetlands is much lower—about 3 mmol CH₄ m⁻² day⁻¹—closely aligning with values reported 

for beaver pond systems (DelSontro et al., 2016; Weyhenmeyer, 1999) and prairie wetland ponds 

(Badiou et al., 2011).  

Site MA exhibited the highest measured CO₂ flux at the inlet location; however, this 

value remains within the range reported in the literature for natural and restored wetland ponds 

as well as constructed stormwater wetlands. In comparison, some systems in the literature 

validation have shown maximum fluxes of up to 1350 mmol CO₂ m⁻² day⁻¹, exceeding even the 

highest fluxes recorded at Site MA. Across all sites, CO₂ emissions fell within the range reported 

for comparable Canadian systems, including agricultural reservoirs, natural wetland ponds, and 

restored wetlands, as summarized in a modified table from Jensen et al. (2023) (Appendix A8). 

When measuring CO₂ diffusive fluxes, our floating chambers were initially opaque, which likely 

led to an overestimation of emissions over duckweed-covered areas, as photosynthetic CO₂ 
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uptake was not accounted for. To address this limitation, sampling could be updated to include 

both clear and opaque chambers, enabling more accurate flux measurements in vegetated zones. 

Regardless, our study exhibited the greatest CO₂ sinking potential among comparable systems, 

with values reaching –93.8 mmol CO₂ m⁻² day⁻¹, whereas natural wetlands have shown 

maximum sinking potentials of approximately –60 mmol CO₂ m⁻² day⁻¹ (Bortolotti et al., 2016).  

Excluding Site MA, N₂O diffusive fluxes in this study ranged from −1450 to 200 μmol 

m⁻² day⁻¹ (mean = −1.4 μmol m⁻² day⁻¹), indicating a net uptake overall. The lowest value likely 

represents an outlier or invalid measurement, but the mean uptake aligns with similar Canadian 

systems, closely matching the −0.9 μmol m⁻² day⁻¹ reported for prairie pothole ponds (Miranda 

and Whitfield, 2024). Agricultural reservoirs have shown greater variability (−12 to 166 μmol 

m⁻² day⁻¹; Webb et al., 2019), and our maximum value—excluding MA—slightly exceeds this 

range. In contrast, Site MA exhibited substantial net emissions (−61 to 7390 μmol m⁻² day⁻¹; 

median = 5.4), making it one of the stronger N₂O sources compared to other systems, though its 

mean value remains within reported ranges. 

Our findings suggest strong seasonal controls on GHG emissions, consistent with other 

GHG studies (Guo et al., 2025; Jensen et al., 2022; Logozzo et al., 2025). Figure 2.15 shows a 

conceptual schematic depicting our observed seasonal patterns in GHG fluxes. 
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Figure 2.15 Conceptual schematic illustrating seasonal patterns in greenhouse gas emission 

pathways from an agricultural wetland system. Relative diffusive fluxes of CH₄ (red arrows), 

CO₂ (green arrows), and N₂O (blue arrows) are shown for each season, while ebullitive 

emissions are depicted as dashed red arrows (CH₄ only). Arrow lengths indicate relative 

magnitudes and are comparable only within the same gas and emission pathway. Insets show 

representative dissolved oxygen (blue) and temperature (orange) depth profiles, highlighting 

summer stratification and spring and fall mixing events. Seasonal context reflects the 

surrounding agricultural land use and the progression of the growing season. 

 

Overall, our results show that summer fluxes exhibit greater variability than other seasons 

(Figure 2.15), and there is also clear spatial variability, with Site MA standing out as a 

pronounced outlier, emitting substantially more GHGs than the other wetlands. Understanding 

the environmental drivers behind this summer variability is particularly important, as these 

months account for the peak periods of GHG production. Importantly, there is a notable scarcity 

of studies focusing on analogous wetland systems in Ontario, despite a thorough review of the 
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literature. Moreover, winter flux data for these systems in Ontario remain severely 

underrepresented, highlighting a critical knowledge gap. 

2.4.2 The Force Behind the Flux: Environmental Drivers 

During the summer, when GHG emissions were at their peak (Figure 2.15), several key 

environmental drivers were identified across the wetlands. Redox conditions primarily governed 

CH₄ emissions. Low dissolved oxygen levels in both surface and deeper waters promoted 

methanogenesis, as oxygen inhibits CH₄ production under aerobic conditions (Thauer et al., 

2008). Emissions tended to increase in deeper or more stratified areas where anoxic zones 

develop (Moore et al., 2011), although there is literature that suggests that peak emissions will 

peak with shallower maximum depths (~0.5 m) (Calabrese et al., 2021). Higher pH appeared to 

suppress CH₄ production, consistent with the inhibitory effects of alkaline conditions (Qiu et al., 

2023), most likely reflecting system changes driven by factors like dissolved CO₂. Stronger CH₄ 

fluxes were associated with fresher particulate organic matter, suggesting that recently produced 

or less decomposed material fuels microbial activity.  

CO₂ fluxes were largely influenced by oxygen availability, acidity, and inorganic carbon 

dynamics (Boyd, 2015). Elevated CO₂ emissions occurred under low-oxygen and more acidic 

conditions, reflecting enhanced microbial respiration and the accumulation of dissolved CO₂. 

High CO₂ in the water column lowers pH, releasing calcium and potassium from minerals, which 

elevates conductivity and fuels CO₂ production. Nutrient inputs—particularly nitrogen and 

potassium—further supported microbial metabolism, likely amplified by agricultural runoff from 

surrounding farmland (Bonetti et al., 2022). As with CH₄, higher CO₂ emissions coincided with 

fresher organic material, highlighting the importance of recent carbon inputs to respiratory 

processes. 
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For N₂O, nutrient enrichment emerged as the dominant driver. Elevated nitrogen and 

phosphorus concentrations were strongly linked to greater N₂O fluxes, pointing to enhanced 

nitrification and denitrification fueled by fertilizer-derived inputs (Feng et al., 2025; Hénault et 

al., 2019). Acidic and low-oxygen conditions favoured incomplete denitrification, increasing 

N₂O accumulation (Čuhel et al., 2010). The influence of calcium and sulfate suggests a 

connection to mineral-mediated buffering and microbial redox reactions (Z. Li et al., 2020; 

Linquist et al., 2012; H. Wang et al., 2022). Hydrological factors also played a role—periods 

following rewetting likely triggered short-term pulses of N₂O, reflecting moisture-driven shifts in 

microbial activity (Pinto et al., 2021) as reflected in the stable water isotope relationships. 

Random Forest analysis suggests that site-specific factors play an important role in 

controlling CH₄ and CO₂ fluxes, with Site emerging as a top predictor for both gases. This 

indicates that there are likely influential environmental variables not captured in our 

measurements. Potential missing factors include vegetation characteristics, local agricultural 

practices, and wetland geomorphology, all of which could affect biogeochemical processes and 

gas exchange. CO₂ appears particularly sensitive to these unmeasured site-specific influences, 

suggesting that plant-mediated processes may be especially important for controlling its fluxes. 

Significant overlap was identified in environmental drivers exhibited by the Kendall Tau 

and Random Forest analysis (not including site): Both KT correlations and RF partial 

dependence analyses identified oxygen as a strong, consistent negative control on diffusive CH₄, 

CO₂, and N₂O emissions, as well as pH, which most likely reflect underlying system changes 

from dissolved CO₂ and mineral dynamics. However, the RF model—accounting for annual-

scale variability—revealed several additional nonlinear and threshold relationships not captured 

in the summer-only KT results. For CH₄, both KT and RF analyses indicated strong negative 
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effects of DO and pH. The RF model additionally identified positive, nonlinear responses to 

DIC, DP, DOC, δ²H of water, and chlorophyll-a. In contrast, the KT analysis showed a positive 

relationship with maximum wetland depth and a negative relationship with δ¹³C of POM, which 

differed from the RF results.  

For CO₂, both methods showed that emissions decreased with surface DO and pH, but 

neither was correlated with DO at depth. Emissions increased with calcium, DIC, and SPC in 

both analyses. The KT analysis additionally indicated positive relationships with potassium, 

lithium, ammonium, and nitrate during the summer, which were not reflected in the annual RF 

model. Conversely, the RF identified positive relationships with DP, chlorophyll-a, and δ¹⁵N of 

POM that were absent in the KT. δ¹³C of POM exhibited a consistent negative relationship 

across both methods. 

For N₂O, the KT analysis showed negative relationships with surface DO and pH, 

patterns not observed in the RF model. Both methods indicated negative relationships with the 

stable water isotopes and positive associations with nitrogen species (DP, nitrite, DN, and TN) as 

well as calcium. The RF additionally showed positive relationships with δ¹⁵N of POM and SPC, 

while the KT identified further positive associations with nitrate, potassium, sulfate, TP, and 

phosphate. The additional predictors not evident in the KT analysis suggest seasonal or 

productivity-related drivers that were not fully represented in the temperature-controlled summer 

campaigns. 

Overall, the RF results highlight the dominant role of nutrient enrichment in driving 

annual variability of GHG emissions from wetlands. For CH₄, key environmental drivers indicate 

strong links with eutrophication, where elevated nutrients promote plant growth (e.g., high 

chlorophyll-a, duckweed cover) and create anoxic, hypereutrophic conditions favorable for 
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methanogenesis. Chlorophyll-a concentrations exceeding 30 µg/L are indicative of 

hypereutrophic systems (Brehob et al., 2024), while total phosphorus >100 µg/L has similarly 

been used to define hypereutrophic thresholds (Wetzel, Robert G., 1975). Seasonal transitions 

into such conditions likely explain observed CH₄ emission peaks. For CO₂, emissions increased 

sharply around 7‰ δ¹⁵N, a range consistent with nitrogen derived from fertilizers (0–10‰) and 

organic soil sources (–7 to 8‰; Townsend et al., 2003), suggesting agricultural runoff as a key 

contributor to elevated CO₂ and CH₄ fluxes. For N₂O, nutrient forms such as nitrate and nitrite 

emerged as primary drivers, directly fueling denitrification and nitrification processes. The 

strong positive effect of specific conductivity (SPC) for CO₂ further points to increased ionic 

strength and nutrient loading, while hydrogen and oxygen water isotopes among the top 

predictors for N₂O and CH₄ indicate that hydrological variability—through precipitation and 

evaporation—modulates production dynamics. 

2.4.3 Modelling Considerations 

Spatial Considerations for GHG Modelling 

Most wetlands exhibited relatively consistent GHG fluxes within close orders of 

magnitude of one another; however, Site MA markedly increased the overall variability and 

order-of-magnitude range for all three gases, underscoring its influence as an outlier. This 

suggests a consistent baseline across most wetlands for modelling diffusive CH₄, with exceptions 

at outlier sites like MA. Outlier sites like MA, with exceptionally high emissions and unique 

vegetation (e.g., abundant duckweed), may occur across Southern Ontario. Such sites can skew 

regional models if not properly accounted for, as their emissions may be influenced by legacy 

nutrients or distinct site conditions. Within locations in a wetland, the results indicate that 

although emissions vary across different wetlands and their locations collectively, emissions 
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within each wetland are fairly uniform, implying that spatial heterogeneity within wetlands plays 

a minor role when scaling emissions. 

Although statistical tests did not reveal significant differences in GHG fluxes across 

locations within individual wetlands, patterns suggest that certain locations consistently exhibit 

higher emissions—potentially acting as localized hotspots. This subtle spatial heterogeneity, 

even if not statistically significant, can complicate efforts to upscale point measurements to 

whole-wetland emissions. If location-specific differences are present, even modestly, models 

may require site-specific calibration or alternative spatial approaches to accurately reflect these 

dynamics. Consequently, relying on limited point measurements may lead to under- or 

overestimation of total wetland emissions. Such uncertainty should be explicitly considered in 

GHG inventories and management decisions to ensure robust and informed policy and mitigation 

planning. This study recognizes that back-calculated values via the gas-exchange formula 

showed considerable uncertainty when compared to field chamber measurements. These values 

often represented the extremes of our observed ranges—either the highest or lowest points—but 

occasionally fell near the mid-range, reflecting variability in the estimates. 

The partial dependence plots from the RF model were based on data from the middle of 

each wetland. Therefore, to ensure reliability, water sampling should ideally occur at the wetland 

center—a process that poses logistical challenges without equipment such as a raft. This raises 

the question of whether edge sampling could provide comparable insights and simplify 

fieldwork. Random Forest results indicate that Inlet and Outlet predictors can explain Middle 

fluxes with 94% and 98% accuracy, respectively (excluding YSI variables). Dissolved gas 

concentrations also correlated positively and linearly with diffusive fluxes (Spearman’s r² = 0.61 

for CH₄, 0.61 for CO₂, and 0.94 for N₂O). However, this relationship is largely driven by Site 
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MA; when MA is excluded, correlations drop substantially (CH₄ r² ≈ 0.14, CO₂ r² ≈ 0.09, N₂O r² 

≈ 0.005). Despite this, across larger areas with greater measurement gradients and inherent 

outliers, these relationships can still provide meaningful insights into GHG flux patterns. 

Consequently, collecting dissolved gas samples only from wetland edges may not reliably 

approximate central fluxes; including a few additional environmental drivers can improve 

estimates, as indicated by the Random Forest model. This variability highlights the challenge of 

accurately representing emissions from heterogeneous wetland environments when relying solely 

on perimeter or central sampling locations. 

Influence of Duckweed on GHG Emissions 

MA was the dominant GHG emitter among the study wetlands, exhibiting significantly 

higher mean diffusive fluxes of CH₄, CO₂, and N₂O across most campaigns. It was the only site 

where duckweed persisted through multiple stages of the annual cycle—a factor linked to 

roughly threefold higher carbon output in small aquatic systems (J. Rabaey & Cotner, 2022).  

MA was also the most anoxic wetland, with near-zero surface DO and the highest 

dissolved CH₄ concentrations. Unlike other sites where CH₄ peaked at depth, MA showed 

elevated concentrations at the surface as well as at depth (Figure 2.9), likely due to duckweed 

limiting oxygen diffusion at the air-water interface. Duckweed restricts light penetration, thereby 

suppressing photosynthesis of submerged vegetation or algae, and simultaneously releases the 

oxygen it produces to the atmosphere rather than the water column, which intensifies anoxia and 

inhibits significant CH₄ oxidation (Hillman, 1961; J. Rabaey & Cotner, 2022). The forest 

surrounding site MA likely further limits wind mixing and helps sustain the low-oxygen 

conditions brought on by the presence of duckweed (see Table 2.3 for more site-specific 

characteristics of site MA). 
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Table 2.3: Comparison of site-specific characteristics highlighting the unique features of MA 

relative to the other study wetlands (Page et al., 2023). 

Category MA Site Characteristics 

Restoration Age 10 years post-restoration; within study range of 7 – 

11 years (shared with LL and MO) 

Basin Area 0.18 ha (within study range of 0.14–0.78 ha); 

relatively small basin area 

Basin Area Group Small: MA, MO, DY, BL 

Basin Volume 927 m³ (within study range of 827–5,365 m³); one 

of only two wetlands < 1,000 m³ 

Basin Volume Group Low volume: MA, MO, DY, BL 

High volume: OH, LL, FE 

Inflow Channel Present (defined inflow channel) 

Outflow Structure Present (culvert); similar to 6 of 8 study wetlands 

Sediment Phosphorus Highest sediment P concentration among all study 

wetlands 

 

Nutrient enrichment appears central to MA’s elevated GHG emissions. It consistently 

exhibited the highest TP (213 µg/L) and DP (102 µg/L) concentrations, comparable to values in 

nutrient-rich duckweed ponds (Rabaey & Cotner, 2022). Elevated TN (7.9 mg/L) and NH₄⁺ (0.14 

mg/L), coupled with high DIC, provide ample substrate for GHG production. Sediment data 

confirms the highest P concentrations among all wetlands (Page et al., 2023), suggesting legacy 

nutrient loading that continues to fuel eutrophication and duckweed growth. Phosphate was the 

limiting nutrient for duckweed growth under natural, pre-anthropogenic conditions, leading to 

their adaptation for efficient assimilation and storage of this ion (Ziegler et al., 2023). As 

duckweed decomposes, it releases the nutrients it previously assimilated back into the system. 

Kruskal–Wallis and post-hoc Dunn’s tests confirmed that MA had significantly higher dissolved 

nutrient concentrations than most other wetlands.  
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The range of δ¹⁵N values observed (−1.2 to 11.76‰) suggests variable nitrogen sources 

across sampling sites such as soil organic nitrogen, and fertilizer (Townsend et al., 2003). 

Elevated δ¹⁵N values near 11.76‰ at the MA middle site likely reflect one occurrence of a larger 

influence of volatilization, animal waste, and/or denitrification. 

Site emerged as a key predictor in the Random Forest model, suggesting that 

unmeasured, site-specific factors influenced GHG fluxes. These findings highlight duckweed as 

a potential environmental control that may be reflected in the model’s results. Spatial context and 

measurement location are therefore critical when estimating GHG fluxes, as high spatial 

variability in CH₄ emissions is often linked to vegetation type in wetlands (Stewart et al., 2024) 

and lakes (Desrosiers et al., 2022). Incorporating vegetation characteristics could have improved 

the model’s explanatory power. 

Seasonal Considerations for GHG Modelling 

GHG emissions have been shown to be strongly influenced by seasonality in temperate 

zones (Guo et al., 2025; McNicol et al., 2017) and the seasonal temporal variability evident in 

this study suggests the same. Summer GHG emissions, however, show greater variability (based 

on SD) during the peak productive period compared to the cooler months (October–April). This 

increased summer variability introduces greater uncertainty in emission estimates, highlighting 

the need for representative data during this period to maximize model accuracy as summer 

contributes the majority of annual emissions.  

Interestingly, water temperature did not emerge as an important variable in the RF 

models, despite seasonality—strongly influenced by temperature—being hypothesized as a key 

control on GHG emissions. In scenarios that included YSI parameters (surface water 

temperature, dissolved oxygen, pH, SPC), temperature variables did not rank highly in 
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importance. It is possible that the variability in nutrients and other environmental factors such as 

dissolved oxygen, which appear to play a more dominant role in these restored agricultural 

wetlands, indirectly reflect seasonal temperature changes. 

Figure 2.13 shows that Month emerged among the top predictors for CO₂ at the middle 

locations when site was included. Month may capture seasonal effects on temperature, plant 

productivity, or other biotic changes throughout the year that influence CO₂ flux. Differences in 

macrophyte types across wetlands, along with their seasonal growth and decomposition, likely 

contribute to CO₂ dynamics more than other GHG. 

Winter Impacts on GHG Fluxes 

Continuing, incorporating winter fluxes is important when modelling wetland GHG 

emissions, as fluxes during cold seasons may not be negligible, but it is rarely accounted for in 

studies. Southern Ontario experiences cold winters with an approximate daily average of -5.4 °C 

to -4.8 °C in January and February (Environment and Climate Change Canada, 2025); thus, 

water bodies tend to freeze over for at least a portion of the winter. In January and February of 

2025, we had to drill through 10 to 20 cm of ice in each pond to access water for sampling, but 

the true GHG fluxes during that time would have been through ice/snow. Interestingly, we did 

measure a flux from some of these surfaces, albeit very small (CH₄: −0.003 to 1.1, CO₂: −12.7 to 

38.4, N₂O: −0.01 to 0.001 mmol/m²/day). During the thawing event, however, we would expect 

to see emissions similar to those measured in our ice holes, which were significantly higher than 

over snow/ice emissions as the water beneath the ice was still highly saturated in all 3 GHGs 

(CH₄: 0.02 to 51.07, CO₂: 13.1 to 171, and N₂O: −0.005 to 0.04 mmol/m²/day).  
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Winter CH₄ fluxes observed in our study are broadly comparable to previous reports from 

cold-season wetlands. Beaver ponds in Ontario, the most comparable system, emitted CH₄ at 

~0.76 mmol m⁻² day⁻¹ over a three-month winter under ice cover (Weyhenmeyer, 1999). Other 

cold-season wetland studies, conducted either under snowcover or in unfrozen water during cold 

conditions, including agricultural dams, peatlands, and marshes, reported winter CH₄ fluxes 

ranging from ~0.008 to 0.76 mmol m⁻² day⁻¹, CO₂ fluxes of 3.9–16 mmol m⁻² day⁻¹, and N₂O 

fluxes from small sinks to ~0.74 mmol m⁻² day⁻¹ (Miao et al., 2012; Ollivier et al., 2019; 

Weyhenmeyer, 1999). These reported ranges are consistent with the winter CH₄, CO₂, and N₂O 

fluxes observed in our study under ice and snow conditions. 

As air temperatures start to cool in autumn into winter, cooling surface water typically 

promotes mixing, bringing oxygen to deeper layers—opposite to the thermal stratification 

usually observed in summer (Ford et al., 2002). An increase of oxygen in bottom waters will 

enhance methanotrophy and inhibit methanogenesis in former anoxic zones (Bastviken et al., 

2004). Interestingly, we observed oxygen levels beneath winter ice comparable to those from 

other campaigns, with the Jan/Feb surface O2 saturation as low as that during July. This indicates 

that either anoxia persisted following the freezing of the surface or re-established itself following 

mixing and freezing (Woolway et al., 2022).   

This seasonal mixing, followed by ice formation, can alter substrate availability, and 

when comparing winter (Campaign 5 – January/February) to the average of all other campaigns, 

several notable differences emerge. Dissolved phosphorus (DP), soluble reactive phosphorus 

(SRP), and particularly phosphate were elevated in winter, with phosphate concentrations 

approximately 560% higher (0.086 mg/L vs. 0.013 mg/L). These elevated levels may reflect 

reduced biological uptake under ice cover. However, total phosphorus (TP) concentrations were 
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nearly identical between seasons (112 µg/L in winter vs. 111 µg/L), suggesting that while 

bioavailable forms increased (SRP), overall P stocks remained stable. Total nitrogen (TN), 

nitrate, and nitrite levels showed little seasonal variation.  

Rabaey and Cotner (2024) showed in this study of small ponds that nutrient 

concentrations (TP, TDN, DOC) peaked in winter beneath the ice. Some ponds also showed 

elevated conductivity under ice during winter. Similarly, shallow reservoirs exhibited declining 

oxygen early in winter, followed by increases in specific conductance (SPC), ammonium, and 

SRP (Cavaliere & Baulch, 2021). Our results showed higher SPC at depth in winter, indicating 

increased ionic concentration likely caused by ice trapping salts below and limiting water mixing 

(DeGrandpre et al., 2021). Additionally, runoff from nearby roads may contribute salts during 

winter, as we observed elevated calcium, DIC, potassium, sulfate, chloride, sodium, lithium, and 

bromide, with only minor decreases in fluoride and ammonium. 

This aligns with increased GHG build-up beneath the ice cover. Despite frozen surface 

conditions, microbial activity persists beneath the ice, producing GHGs at appreciable rates. 

Methanogenesis has been found to occur between 2°C and 37°C in wetlands, with the most 

activity between 2°C and 10°C (Westermann, 1993). During the winter, water temperature at 

depth ranged from 3.95°C to 5.95°C. Other studies have found similar build-up of CH₄ and CO₂ 

beneath the ice during winter (Phelps et al., 1998; J. S. Rabaey & Cotner, 2024).  

CH₄ may be able to diffuse through ice slowly (Noguchi et al., 2019), but larger 

emissions can occur through cracks or openings in the ice during winter. CH₄ bubbles can 

become trapped and frozen within the ice as they accumulate beneath it. Frozen bubbles can have 

very high levels of CH₄ concentrations up to 95% (Wik et al., 2011). Measuring precise CH₄ 

concentrations in frozen bubbles is an emerging area of research, with methodologies still under 
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development (Greene et al., 2014; Schüpbach et al., 2009). In a warming climate, earlier and 

more rapid ice melt may enhance CH₄ emissions, as the shorter duration of ice cover may reduce 

the time available for CH₄ oxidation before release (Greene et al., 2014). 

2.4.4 Recommendations and Relevance of Findings 

This study provides a framework for assessing GHG fluxes in restored agricultural 

wetlands in Southern Ontario. While direct field measurements and Random Forest modeling are 

time- and labor-intensive, our results identify the most influential environmental drivers, offering 

opportunities to streamline future data collection. By focusing on key variables—such as 

dissolved oxygen, duckweed presence, and nutrient concentrations—researchers can obtain 

reliable estimates of wetland GHG fluxes with reduced effort, improving efficiency for 

monitoring programs and informing wetland management strategies. However, the Site predictor 

may reflect the importance of the agricultural landscape or an unmeasured variable, warranting 

further investigation to determine whether additional factors should be incorporated into the 

sampling plan. However, for model upscaling, sample collection should ideally be simplified, 

reducing the need for intensive parameter measurements. This simplification would increase 

accessibility, expand the number of sites that can be sampled, and facilitate broader participation, 

including the potential involvement of citizen scientists. Future field sampling should prioritize 

variables identified as key explanatory factors through variable importance analyses, thereby 

facilitating the development of more accessible models with streamlined data collection 

protocols. 

The Kruskal–Wallis analysis showed no statistically significant differences in GHG 

emissions among sampling locations within each wetland. Similarly, Random Forest model 

results indicated that measurements taken from either the inlet or outlet can adequately represent 
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average emissions across the wetland. These findings suggest that sampling strategies can be 

simplified without compromising data quality.  

Moreover, our study highlights that duckweed strongly influences GHG emissions, with 

minimal research existing in this space, further work is needed to fully understand the role of 

duckweed in wetland biogeochemistry. Additionally, most of our young (<10 years of age at 

time of sampling), restored wetlands are emitting relatively low amounts of methane compared 

to undisturbed temperate wetlands (Turetsky et al., 2014), which is unusual and particularly 

promising given Southern Ontario’s extreme climate and wetland age. These results suggest that 

restoration-focused nature-based solutions (NBS) wetlands can possibly be supported under 

challenging climatic conditions without producing excessive GHGs. 

2.4.5 Management and Restoration Considerations 

As wetland restoration efforts expand—particularly on Canadian farmland where there 

has been large historical wetland loss—it is important to recognize that restoring wetlands in 

areas with high nutrient pollution or legacy nutrient accumulation can strongly influence GHG 

emissions. Restoration efforts could aim to target areas with less nutrient-rich soils to help 

prevent the development or exacerbation of eutrophic conditions in newly restored wetlands. 

Vegetation (e.g., duckweed) could have complex effects on GHG emissions. Plans to 

limit duckweed growth such as removing it periodically or planting low emitting plants could be 

a part of the restoration plan. Duckweed has been shown to uptake large amounts of 99.1% of 

TN and 90.8% of TP from water in polyculture (G. Chen et al., 2018). Removing duckweed from 

the surface of waterbodies helped reduce nutrient concentrations, since decomposing duckweed 

would otherwise release the nutrients, it had absorbed back into the water. 
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Wetland bathymetry could be further explored to determine the most effective 

configurations for minimizing GHG emissions. In this study, maximum water depth was found 

to influence summer CH₄ emissions, suggesting that wetland shape and depth distribution may 

play a key role in regulating gas dynamics. Oxygen bubblers could be incorporated into restored 

wetland designs to help maintain oxygen-saturated conditions, addressing one of the key drivers 

of GHG emissions identified in this study.   
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Chapter 3: Conclusion 

This comprehensive field study provided a detailed quantification of greenhouse gas 

(GHG) dynamics in restored agricultural wetlands across the Ontario portion of the Lake Erie 

basin throughout all four seasons. Methane (CH₄), carbon dioxide (CO₂), and nitrous oxide 

(N₂O) fluxes were measured across seven restored wetlands, and the key environmental drivers 

influencing these emissions were identified, providing insight into opportunities to improve 

emission modeling for restored wetland systems in the region. Seasonal and spatial 

measurements captured both diffusive and ebullitive pathways, providing a thorough 

understanding of GHG dynamics in wetlands within agricultural landscapes. These findings 

refine regional GHG inventories for restored agricultural wetlands and inform targeted modeling, 

management, and monitoring strategies. 

3.1 Summary of Key Findings 

 When assessing GHG emissions in restored agricultural wetlands, both spatial and 

temporal variability are important considerations for model upscaling. 

Spatial variability: Within individual wetlands, Kruskal–Wallis tests showed no statistically 

significant differences across locations, though small local variations exist. This suggests that 

sampling from a single representative location—such as the inlet, outlet, or middle—may be 

sufficient for estimating overall wetland emissions, particularly in saturated zones. Across sites, 

most wetlands exhibited consistently low methane emissions compared to undisturbed temperate 

wetlands (Turetsky et al., 2014), with the exception of Site MA, which acted as an outlier. 

Notably, these are young wetlands (7–11 years post-restoration), and low emissions at this early 

stage are unusual compared to other restored systems, which often display higher fluxes before 

equilibrating to natural wetland similar emissions. This finding has important implications for 
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restoration policies in Southern Ontario, indicating that early-stage wetlands can possibly 

achieve low GHG outputs even under extreme climatic conditions. 

Seasonal variability: GHG emissions peaked during summer months, reflecting higher 

biological activity and productivity. Winter emissions were lower but still detectable, indicating 

that cold-season processes, including sub-ice microbial activity and nutrient dynamics, contribute 

meaningfully to annual fluxes. 

Environmental drivers of GHG flux: Dissolved oxygen was identified as a strong driver of 

CH₄ and CO₂ fluxes and thus has the potential for mitigating wetland carbon emissions. 

Duckweed emerged as a unique environmental driver, strongly influencing GHG emissions by 

promoting anoxic conditions and mediating nutrient cycling. Nutrient enrichment, particularly 

nitrogen and phosphorus, consistently increased emissions, suggesting that wetland restoration 

on sites with low legacy nutrient loading may help minimize GHG output. 

Considerations for monitoring and modeling: This study highlights that careful consideration 

of sampling location, season, and key environmental drivers can allow for simplified and 

effective monitoring strategies.  

3.2 Implications of Research  

Canada has committed to achieving net-zero GHG emissions by 2050 (Canada, 2020), in 

line with international agreements such as the Paris Agreement and the Global CH₄ Pledge, 

which aims to reduce CH₄ emissions by 30% below 2020 levels by 2030 (Environment and 

Climate Change Canada, 2021b; Government of Canada, 2016; United Nations, 2018). To meet 

these ambitious targets, national GHG inventories must accurately account for all significant 

sources and sinks, including smaller and often-overlooked systems such as agricultural ponds.  
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Our study addresses a critical blind spot in current GHG accounting by quantifying GHG 

emissions from farm ponds in Southern Ontario—systems that are common across agricultural 

landscapes but remain underrepresented in national and global CH₄ assessments (Saunois et al., 

2025). We designed our study with recommendations from literature, including the need for 

spatially distributed measurements (Lauerwald et al., 2023), increased research attention to farm 

ponds and small water bodies (Saunois et al., 2025), and winter conditions (under ice 

measurements, fluxes in the winter season) (Denfeld et al., 2018; Weyhenmeyer, 1999). This 

study also measured all three major GHG in tandem, a limitation identified by Logozzo et al. 

(2025). This research provided critical seasonal field observations from restored agricultural 

wetlands across Southern Ontario, which is especially important in a region with extensive 

opportunities for wetland restoration, given the substantial historical wetland loss. 

This research contributes to the broader SOLUTIONSCAPES initiative — Designing 

climate- and water-smart agricultural solutions in complex working landscapes — by providing 

critical field-based GHG data from underrepresented systems. By capturing real-world emissions 

data, this work helps to reduce uncertainty in the global CH₄ budget and directly inform the 

development of improved predictive models for agricultural GHG emissions within 

SOLUTIONSCAPES. 

Continuing, by evaluating the most common environmental drivers of restored 

agricultural wetlands in Ontario, this research provides insights that can inform restoration 

frameworks and management practices aimed at mitigating GHG emissions across Canada. 

Ultimately, this work advances our understanding of GHG dynamics in restored wetlands within 

agricultural landscapes, strengthening GHG budgeting and modelling efforts while also 
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informing restoration practices, guiding policy development, and inspiring future approaches to 

wetland management. 

3.3 Limitations 

Several limitations should be considered when interpreting our results. First, more 

duckweed-dominated sites would be needed to fully assess the influence of vegetation cover on 

GHG fluxes. Second, while clear chambers were incorporated in later campaigns to account for 

photosynthetic uptake, initial measurements relied solely on opaque chambers, which may have 

biased CO₂ flux estimates. Third, hydrological factors were not measured in this study, yet 

groundwater inputs and other subsurface processes could influence GHG dynamics. For 

example, dissolved gas profiles at Site MO suggest potential groundwater influence (see 

dissolved gas profiles), highlighting the need for further investigation. Ongoing analysis of gas 

isotopes will provide additional insights into the production and consumption of GHGs in 

restored wetlands. Finally, there is potential for bias in flux calculations, and implementing 

automated or scripted processing could help minimize errors in future analyses. 

3.4 Future Research 

Future work should focus on addressing several key knowledge gaps identified in this 

study. The literature review highlighted limited research on certain environmental drivers of 

GHG emissions, particularly stable water isotopes and specific ionic components. Continued 

data collection from the existing study sites, as well as new sampling within the wetland 

inundation zone, will help clarify how saturation influences GHG fluxes—an important driver 

for emissions in restored wetlands (specifically N₂O emissions). 



 

 

77 

 

Future research should also further explore winter processes, such as the formation and 

release of CH₄ bubbles trapped in ice, which may contribute significantly to cold-season 

emissions. Analyzing the concentration of GHG and isotope compositions from funnel and 

bubble tap gas samples will be completed. This analysis will provide valuable insights into the 

production and oxidation pathways of these gases. Finally, continued data collection should 

support the development and calibration of a predictive model for estimating GHG emissions 

from restored wetlands. This model could be refined using field measurements to improve 

understanding of emission dynamics and guide wetland restoration and management practices. 
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Appendix 

Appendix A1: This table summarizes the mean nutrient concentrations measured at each 

wetland site across all sampling campaigns. Values represent the average of all locations 

collected per site during each campaign. 

Site Campaign TP (ug/L) SRP 

(ug/L) 

DP (ug/L) TN 

(ppm) 

DN 

(mg/L) 

DOC 

(mg/L) 

DIC (ppm 

C/L) 

BL 1 33.32 5.89 14.68 0.75 0.74 4.88 17.40 

2 37.48 2.77 15.53 0.83 0.90 5.45 15.47 

3 40.07 3.87 15.77 0.16 1.06 7.06 17.40 

4 40.00 14.91 13.56 0.85 0.85 5.54 14.17 

5 37.73 5.74 11.60 0.87 0.72 4.52 38.27 

6 50.92 3.73 10.26 0.47 0.43 7.36 17.54 

DY 1 51.96 8.74 21.17 0.90 0.82 4.30 18.37 

2 89.79 2.18 16.47 0.92 0.82 4.39 20.27 

3 105.25 6.17 15.86 0.10 0.79 4.95 31.00 

4 85.68 27.07 15.64 0.94 0.69 7.36 15.82 

5 123.66 15.37 19.52 2.35 0.45 6.58 49.30 

6 91.35 6.47 10.40 0.81 0.45 7.04 40.56 

FE 1 20.80 11.00 11.69 0.55 0.62 3.13 18.97 

2 25.37 4.38 11.17 0.45 0.59 3.21 26.77 

3 23.94 5.55 11.35 -0.14 0.76 4.20 33.77 

4 20.58 32.39 9.60 0.53 0.55 7.32 15.82 

5 17.14 7.75 8.69 0.50 0.64 8.63 39.74 

6 31.17 3.96 8.84 0.43 0.39 6.74 30.47 

LL 1 38.64 5.91 15.98 0.89 0.92 4.98 19.70 

2 123.31 22.11 17.68 1.08 1.21 5.30 26.37 

3 45.95 4.18 15.68 -0.07 0.76 4.08 27.23 

4 45.11 6.51 17.69 0.57 0.62 7.60 7.68 

5 43.41 5.61 10.54 0.59 0.60 8.53 36.97 

6 34.07 3.78 11.60 0.45 0.51 6.28 32.15 

MO 1 71.00 3.53 17.09 1.57 1.67 5.28 39.33 

2 492.25 57.07 31.78 3.74 4.18 6.23 34.30 

3 61.68 8.30 18.51 0.82 1.74 5.81 55.30 

4 152.37 6.55 31.95 2.07 1.44 7.67 17.22 

5 26.64 10.16 4.73 4.23 5.19 7.01 43.48 

6 40.62 4.65 9.68 4.24 5.28 6.11 40.78 

OH 1 116.98 16.64 29.91 1.39 1.67 8.05 27.87 



 

 

109 

 

2 606.22 37.70 40.77 1.41 1.33 4.66 12.85 

3 76.39 5.73 25.40 0.39 1.02 5.73 20.57 

4 164.35 20.90 30.75 2.72 2.05 6.36 9.25 

5 226.09 6.68 19.38 1.81 1.44 5.65 26.29 

6 116.26 4.78 14.81 1.26 1.15 4.85 27.51 

MA 1 146.11 93.37 100.35 36.92 39.69 4.29 42.33 

2 237.62 38.00 68.46 2.36 2.35 5.20 60.23 

3 124.25 55.19 85.85 0.29 1.09 6.48 64.30 

4 354.66 84.24 65.77 1.26 1.01 6.73 22.27 

5 309.62 248.30 274.51 3.12 5.79 4.72 56.05 

6 260.58 53.04 111.76 2.41 2.48 7.98 32.28 

 

Appendix A2: This table summarizes the mean ion concentrations measured at each wetland site 

across all sampling campaigns. Values represent the average of all locations collected per site 

during each campaign. 

Site Campaign Fluoride 

(ppm) 

Chloride 

(ppm) 

Bromide 

(ppm) 
Nitrite 

(ppm) 

Nitrate 

(ppm) 

Phosphate 

(ppm) 

Sulfate 

(ppm) 

BL 1 0.12 0.27 0.00 0.01 0.33 0.00 0.50 

2 0.11 1.83 0.00 0.00 0.09 0.00 0.48 

3 0.12 1.01 0.00 0.00 0.07 0.00 0.45 

4 0.12 3.35 0.00 0.00 0.05 0.00 0.82 

5 0.10 3.93 0.00 0.00 0.10 0.00 1.46 

6 0.10 4.17 0.00 0.00 0.10 0.00 1.01 

DY 1 0.14 8.32 0.00 0.00 0.17 0.00 10.98 

2 0.14 8.37 0.00 0.00 0.09 0.00 8.40 

3 0.16 10.13 0.00 0.00 0.05 0.00 8.84 

4 0.15 11.91 0.00 0.00 0.07 0.00 12.82 

5 0.14 10.91 0.00 0.00 0.06 0.00 10.96 

6 0.14 11.20 0.00 0.00 0.16 0.00 10.77 

FE 1 0.14 7.80 0.00 0.00 0.85 0.00 0.61 

2 0.13 9.17 0.00 0.00 0.11 0.00 0.50 

3 0.13 10.74 0.00 0.00 0.05 0.00 0.43 

4 0.14 11.14 0.00 0.00 0.02 0.00 0.15 

5 0.12 12.62 0.00 0.00 0.20 0.00 0.87 

6 0.11 10.00 0.00 0.00 0.18 0.00 0.87 

LL 1 0.15 1.34 0.00 0.00 0.03 0.00 0.50 
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2 0.18 5.01 0.01 0.06 0.80 0.00 2.52 

3 0.21 0.43 0.00 0.00 0.07 0.00 0.45 

4 0.22 0.74 0.00 0.00 0.06 0.00 0.51 

5 0.18 3.64 0.04 0.00 0.09 0.00 1.35 

6 0.15 2.25 0.00 0.00 0.08 0.00 1.76 

MO 1 0.21 9.09 0.04 0.09 1.84 0.00 50.10 

2 0.20 2.80 0.01 0.07 21.70 0.00 15.73 

3 0.21 7.62 0.05 0.01 2.17 0.00 30.55 

4 0.23 9.60 0.08 0.00 0.28 0.00 31.35 

5 0.21 17.88 0.09 0.04 30.28 0.00 77.26 

6 0.25 14.18 0.05 0.11 31.28 0.00 134.21 

OH 1 0.23 17.06 0.07 0.02 0.48 0.00 17.25 

2 0.18 3.25 0.02 0.07 1.47 0.00 6.58 

3 0.20 9.33 0.06 0.00 0.06 0.00 12.96 

4 0.24 14.00 0.06 0.28 6.44 0.00 20.80 

5 0.18 9.58 0.03 0.04 2.52 0.00 21.16 

6 0.21 20.34 0.06 0.05 2.04 0.03 43.09 

MA 1 0.12 15.42 0.04 2.35 173.06 0.15 21.98 

2 0.12 12.18 0.05 0.54 7.20 0.07 13.01 

3 0.13 9.95 0.05 0.00 0.09 0.00 3.56 

4 0.12 10.51 0.06 0.00 0.04 0.00 3.95 

5 0.13 17.78 0.05 0.46 27.14 0.60 15.81 

6 0.14 9.63 0.01 0.08 12.00 0.20 10.22 

 

Site Campaign Lithium 

(ppm) 

Sodium 

(ppm) 

Ammonium 

(ppm) 

Potassium 

(ppm) 

Calcium 

(ppm)  

Magnesium 

(ppm)  

BL 1 0.01 0.83 0.03 1.92 25.19 2.57 

2 0.00 0.76 0.02 1.09 27.36 2.58 

3 0.01 0.24 0.03 0.81 24.53 2.67 

4 0.00 0.73 0.03 4.65 44.39 4.34 

5 0.01 1.22 0.03 5.30 60.27 4.74 

6 0.01 2.06 0.07 3.31 29.42 2.95 

DY 1 0.01 3.70 0.03 0.59 21.41 12.03 

2 0.00 3.91 0.02 1.20 26.40 11.82 

3 0.01 4.13 0.03 2.43 37.16 12.87 

4 0.02 4.96 0.02 3.08 47.64 15.17 

5 0.01 4.44 0.03 2.60 80.62 15.89 

6 0.00 3.70 0.06 0.52 68.63 12.76 

FE 1 0.01 0.75 0.06 0.19 24.49 7.98 
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2 0.01 1.26 0.03 0.52 39.70 9.10 

3 0.03 1.32 0.09 0.83 45.95 9.07 

4 0.01 1.40 0.01 0.85 52.14 9.39 

5 0.01 2.04 0.03 0.48 62.73 10.19 

6 0.01 1.52 0.06 0.32 53.22 8.04 

LL 1 0.01 2.31 0.03 0.64 18.80 7.61 

2 0.00 3.33 0.04 2.69 34.71 5.65 

3 0.01 3.00 0.14 1.04 36.17 5.73 

4 0.02 2.50 0.02 1.91 20.17 5.39 

5 0.00 3.43 0.03 6.14 50.40 8.73 

6 0.00 2.92 0.05 3.73 45.92 8.05 

MO 1 0.00 12.37 0.23 1.29 46.47 24.86 

2 0.00 4.27 0.13 2.04 50.85 10.47 

3 0.00 8.68 0.54 2.09 73.07 19.67 

4 0.02 8.96 0.18 3.96 55.33 19.54 

5 0.02 13.46 0.17 0.26 82.70 24.88 

6 0.02 18.40 0.05 0.20 83.29 34.45 

OH 1 0.00 13.90 0.17 2.53 37.85 8.88 

2 0.00 3.19 0.08 1.59 20.25 3.40 

3 0.00 7.87 0.05 1.73 32.69 5.93 

4 0.00 10.02 0.07 3.31 39.67 7.25 

5 0.01 9.00 0.30 2.67 42.10 7.79 

6 0.01 14.44 0.16 0.56 54.42 11.43 

MA 1 0.00 7.17 0.57 6.94 112.60 17.13 

2 0.01 7.32 0.31 4.45 87.98 15.45 

3 0.02 6.14 0.11 3.57 77.56 14.98 

4 0.02 4.74 0.06 4.80 68.42 11.52 

5 0.03 6.36 0.11 9.66 72.63 14.00 

6 0.00 3.56 0.08 3.14 57.36 8.58 

 

Appendix A3: Descriptive statistics for diffusive CH₄, CO₂, and N₂O fluxes were calculated by 

site using R. Metrics include the mean, standard deviation (SD), median, interquartile range 

(IQR), minimum, and maximum. This dataset encompasses the entire sampling year, providing a 

mean of the annual emissions. For winter conditions, only snow and ice measurements were used 
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to capture actual fluxes at the time. Duckweed (DW) measurements were excluded because they 

were only available for campaigns 2 and 3. 
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Appendix A4: Descriptive statistics of diffusive CH₄ , CO₂, and N₂O fluxes across sampling 

campaigns (June–April). Sites with duckweed (DW) were excluded, and for the winter campaign 

(January/February), only Ice and Snow locations were included. Values represent the mean, 

standard deviation, median, interquartile range (IQR), minimum, and maximum flux for each 

month. 
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Appendix A5: Descriptive statistics of bubble gas release measured across sites, encompassing 

all funnels on the transects. Summary metrics include mean, standard deviation (SD), median, 

interquartile range (IQR), minimum, and maximum. No measurements were taken in winter. 

 

Appendix A6: Descriptive statistics of bubble gas release measured across months, 

encompassing all funnels on the transects. Summary metrics include mean, standard deviation 

(SD), median, interquartile range (IQR), minimum, and maximum. No measurements were taken 

in winter. 
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Appendix A7: Significant Kendall rank correlations (τ) between diffusive GHG fluxes and 

environmental parameters at middle wetland locations during summer (June to August). Only 

variables with p < 0.10 are shown. Positive τ values indicate a direct relationship (both variables 

increase or decrease together), while negative τ values indicate an inverse relationship (one 

variable increases as the other decreases). Kendall’s τ and corresponding p-values were 

calculated using the cor.test() function (method = "kendall") in the R package stats. Unless 

otherwise stated, variables were measured at the surface of the wetland. 
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Appendix A8: Summary of GHG flux measurements across study sites. Diffusive flux values 

are reported for CO₂, CH₄, and N₂O, while ebullitive fluxes are reported only for CH₄. Methods 

used for diffusive flux include the floating chamber (FC) and headspace extraction (HE) 

techniques; methods used for ebullitive flux include the floating chamber (FC) and bubble trap 

(BT). * = mean value; ** = modeled value (adapted from (Jensen et al., 2023)). 
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