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ABSTRACT: 
 

In the near future, the Northeast is likely to experience mass retirement of 

cranberry farming as its profitability declines due to the increased cost of 

maintenance, lower yields, lack of land availability for expansion, and presence of 

pests and diseases. One option landowners of cranberry farms have is to restore 

their farms back to wetland systems. One proposed idea is that restored wetland 

systems will eventually function like their natural counterparts and may play a 

role in climate change mitigation through their ability to store carbon. However, 

although wetlands are net carbon sinks, they are also emitters of methane (CH4) 

gas, a greenhouse gas (GHG) with 25 times the potency of carbon dioxide (CO2). 

In this study GHG fluxes (CH4, CO2 and N2O) from six different sites ranging in 

development (actively farmed, retired, restored, and natural sphagnum bog) were 

measured over the summer of 2016 to determine if fluxes differed based on level 

of development. Other soil parameters including soil organic matter, moisture, 

pH, redox, and bulk density were measured to help explain the observed fluxes. 

Significant differences in fluxes grouped by development level were observed, 

and largely driven by changes in soil moisture. Restored systems functioned 

similarly to natural wetlands systems while retired sites had fluxes similar to the 

upland site. Global warming potential, an index of relative contribution to climate 

change, was calculated for each site. Results suggest that all sites were net sources 

of GHGs, however, the older restored site had a significantly lower contribution 

than the newly restored site, indicating that over a larger time scale restored 
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systems may transition from net GHG sources to sinks while retired sites remain 

net GHG sources. Overall, the results of this study suggest that in addition to the 

many other ecological benefits, wetland restoration may also play a role in 

climate change mitigation through the ability to store carbon over a long 

timescale. 
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INTRODUCTION: 

 

Cranberry Farming: 

Historically, Massachusetts has dominated cranberry farming and is 

currently the second largest producer of cranberries in the nation (USDA NASS 

2015). In 2007, Massachusetts supplied 23% of the total cranberry production in 

the USA totaling 6.4 million barrels valued at an estimated 75 million dollars 

(Averill et al. 2008). Many cranberry bogs were first established in kettle bogs 

that formed after the last Ice Age. As glaciers retreated northward, they often left 

behind large ice deposits that created ponds as the ice melted. As more water 

started to accumulate in the ponds, outwash channels were formed as excess water 

drained out and kettle holes were left behind. Over time, the outwash channels as 

well as the kettle holes were filled in by vegetation, primarily sphagnum moss and 

decaying organic material, creating a wetland system known as a kettle hole bog. 

As organic material decomposed, organic acids were released lowering the pH, 

and a thick sediment layer of peat muck developed creating a nutrient rich peat 

bog (Sandler and Demoranville 2008). Cranberry plants thrive in environments 

where the soil is moist, well drained, acidic with a pH of 4 to 5, and has a high 

organic matter (OM) content of 3 to 15%. The conditions of natural peat bogs are 

perfect for cranberry farming and therefore many of these natural systems have 

been engineered to farm cranberries (Sandler and DeMoranville 2008). Within 

Massachusetts, cranberry farming is highly concentrated in the southeastern 
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portion of the state; in 1997, Plymouth Country, Barnstable Country, and Bristol 

Country accounted for 99% of cranberry production in the state (Holm et al. 

2000).  

 The most commonly farmed cultivar of cranberry is the American 

cranberry (Vaccinium macrocarpon). It is native to North America, spanning from 

Maine to northern Illinois and can even be found as far south as Tennessee at high 

elevations (Averill et al. 2008). The American cranberry grows low to the ground 

with trailing vines that colonize the entire surface of a bed creating a mat. The 

trailing vines expand outwards while the uprights, two vertical branches ranging 

from 2 to 8 inches, grow from these vines. These upright branches are the part of 

the plant that produce the fruit and flower. The fruit takes approximately 80 days 

to mature after the flower blooms and harvest season extends from mid-

September to early November. Harvesting of cranberries is most commonly 

carried out through wet harvesting where the bog is flooded and the floating 

berries are removed using a conveyor or vacuum (Sandler and DeMoranville 

2008). 

 Cranberry farming relies heavily on the use of water and it is considered 

the most important resource in farm management. While cranberry plants prefer 

moist soils, exposure to waterlogged soils for a prolonged period of time can lead 

to rot as well as increased risk of pests and disease. To combat this issue, ditches 

skirt the perimeter of the cranberry beds and channels divide the cranberry bed 

into cells to allow for better drainage. Cranberry bogs are usually paired with a 
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natural or created reservoir to ensure access to large volumes of water. Earthen 

dikes and dams separate cranberry bogs from one another as well as from 

reservoirs while flumes are installed to guide water flow and direction. Every two 

to five years cranberry bogs are sanded with 0.5 to 2 inches of sand to help 

improve drainage within the bog as well as help promote shoot growth (Sandler 

and DeMoranville 2008). As a result of sanding, bogs that have been farmed for 

many years are characterized by alternating soil organic matter (SOM) and sand 

layers (Averill et al. 2008).  

 In recent years there has been a decline in cranberry farming in 

Massachusetts as it becomes harder to stay profitable. Reasons for the decline in 

profitability include the high cost of switching to new more productive cultivars, 

the increased presence of pests and diseases and the costs to combat these issues, 

and the high cost of real estate and little room for expansion (Averill et al. 2008, 

Holm et al. 2000, Schulman, personal communication, 2016). Walberg (2013) 

reports that cranberry farmers in Massachusetts are likely to be affected by 

climate change as warmer temperatures, changing precipitation, increased pest 

and disease, and increased probability of extreme weather events further threaten 

the success and profitability of cranberry farming. It is expected that thousands of 

acres of cranberry bog will soon become retired in Massachusetts (Hackman 

2014). As more cranberry farms retire, one option land managers have is to 

restore the farms back to their historic wetland status.  
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Wetlands: 

The definition of a wetland has been highly debated, as there are many 

types and a definition of one type may not be applicable to all wetlands. However, 

as legislation was created in the mid-1900s to protect wetland systems, there was 

a need for a consensus on a broad overarching definition. Wetlands are currently 

defined by three characteristics. First, wetlands are flooded for part of to all of the 

year. Second, they are characterized by the presence of saturated hydric soils 

caused by waterlogging for a prolonged period of time. Lastly, due to the wet 

conditions, vegetation found in wetlands is dominated by hydrophytes and other 

plants specially adapted to wet environments (Mitsch and Gosselink 2000). 

Although wetlands comprise less than five percent of the Earth’s land surface, 

they carry out vital functions and processes that contribute to the health of our 

planet such as improving water quality, flood abatement, habitat for many 

different species, and nutrient sequestration (Altor and Mitsch 2008, Schlesinger 

and Bernhardt 2013).  

Wetlands act as natural filters; as water enters a wetland system and flows 

through soil, its velocity decreases allowing for sediment and other particles 

trapped in the water column to filter out. Labile nutrients such as nitrogen are 

transformed via anaerobic processes and returned to the atmosphere or taken up 

by wetland biota (Mitsch and Gosselink 2000). This filtration function of 

wetlands is becoming increasingly important, especially in coastal systems, as 

nutrient loading of water bodies is having negative impacts on wildlife via the 
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process of eutrophication. Eutrophication occurs when an excess of a limiting 

nutrient such as nitrogen or phosphorus enters a water body allowing for algae to 

grow exponentially. As the algae grows it blocks light from penetrating the water 

column decreasing rates of photosynthesis. Furthermore, as the algae die and 

decompose, oxygen levels are depleted creating hypoxic zones where wildlife 

such as fish are unable to survive. Eventually these hypoxic zones may turn into 

dead zones devoid of most organisms (Ulloa et al. 2016).  

Another important function of wetlands is their ability to act as buffers 

during storm or flooding events. During flooding events, wetlands absorb water 

and release it slowly via groundwater discharge. This function is especially 

important in coastal areas where large storms can threaten development and 

fragile coastal habitats. One example is in Boston, MA where the Army Corps of 

Engineers estimate that if the flood plains of the Charles River were drained and 

destroyed, the cost of flood damages would increase by $17 million annually 

(Mitsch and Gosselink 2000).  

Wetlands also provide habitat for many organisms; 95% of fish species 

and over half of the species on the endangered species list in 1986 rely on 

wetlands for survival. Wetlands are biodiversity hotspots as the conditions of 

wetlands allow for high productivity and accumulation of nutrients. The 

abundance of these nutrients forms a solid foundation of the ecosystem which 

supports a more diverse food web. A strong foundation of the food web is able to 

support more species and individuals through all trophic levels as there are more 
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food sources available (Mitsch and Gosselink 2000). Wetlands also provide 

protection for many organisms and are often used as nurseries by many species 

during their early life stages including many amphibian, bird, and fish species 

(Babbit 2005, Mitsch and Gosselink 2000, Stewart 2009).  

 

Greenhouse Gases and Climate Change: 

The IPCC (2014) reports with 95% certainty that climate change is driven 

by anthropogenic activities that release greenhouse gases (GHGs) such as the 

burning of fossil fuels, land use change, and development. Greenhouse gases such 

as carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) are considered 

long-lived and persist in the atmosphere for tens to hundreds of years while 

greatly affecting the climate. The accumulation of GHGs in the atmosphere leads 

to global warming through a process called the greenhouse effect. As radiation 

(heat) from the sun enters the atmosphere and reaches the Earth, some of this heat 

is absorbed while some of it is reflected back into the atmosphere. GHGs in the 

atmosphere absorb and reflect this heat back to earth; as GHGs accumulate, more 

heat is absorbed and trapped in the atmosphere leading to an overall heating of the 

planet (IPCC 2014). 

The release of GHGs has continued to increase every year since the 1950s 

despite our growing knowledge of their detrimental effect on our planet. Carbon 

dioxide comprises 76% of anthropogenic GHGs emitted followed by CH4 at 16% 

and N2O at 6.2% (IPCC 2014). Paleoclimate indicators such as isotopes trapped in 
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ice cores or sediments are able to reveal historic concentrations of GHGs and 

indicate the conditions of our past climate (Bradley 2011). Current concentrations 

in our atmosphere are now higher than they have been for at least 800,000 years. 

Concentrations of CO2, CH4, and N2O have increased by 40%, 150%, and 20% 

respectively since 1750. Out of all GHGs, CO2 is considered the biggest driver of 

climate change due to its abundance and persistence in the environment compared 

to other GHGs.  

While more CO2 is entering the atmosphere every year, there are natural 

processes and systems that can sequester carbon. For example, the largest natural 

carbon sink is the ocean, which has stored 30% of all CO2 emissions since the 

Industrial Revolution (Logan 2010, Sabine et al. 2004). However, as CO2 is 

absorbed by the ocean, it reacts with seawater forming carbonic acid. This process 

leads to the release of positively charged hydrogen ions which then lowers the pH. 

This increased acidity (lower pH) dissolves calcium carbonate which is the main 

component of coral structures and shells. (Logan 2010).  

Another carbon sink are plants and other organisms that photosynthesize. 

Through the process of photosynthesis, CO2 is taken in and converted to glucose, 

a sugar that plants can use for energy. The carbon is then stored in the mass of the 

organism. This store is usually temporary as organisms die and are aerobically 

decomposed releasing their stored carbon back into the atmosphere. Lastly, as 

previously mentioned, carbon can be stored in wetland systems as decomposition 

rates are much slower in anaerobic conditions (Schlesinger and Bernhardt 2013). 
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While wetlands are estimated to store 20 to 30% of the world’s carbon, 

they also emit approximately 25% of the world’s CH4 (Mitsch et al 2013, Whiting 

and Chanton 2001). In determining if a wetland is a net GHG sink or source, 

Whiting and Chanton (2001) suggest that the global warming potential (GWP) of 

the gases be considered. Global warming potential takes into account radiative 

effects, or how radiation from the sun is reflected by the gases, and persistence in 

the atmosphere. Global warming potential is defined by the amount of energy one 

ton of a given gas will absorb over a set time period compared to how much 

energy one ton of CO2 will absorb over that same timeframe (IPCC 2007). On a 

short-term scale of 20 years, the GWP of CH4 is 72, indicating that is has ~72 

times the GWP of CO2. However when considered on longer timescale of 100 

years the GWP of CH4 decreases to 25 (IPCC 2007, Whiting and Chanton 2001). 

This decrease in GWP over a long time frame can be attributed to the lifespan of 

CH4 and CO2 in the atmosphere. While CH4 is much more potent than CO2, it 

persists in the atmosphere for roughly a decade while CO2 can persist for 

hundreds to thousands of years. N2O has a GWP of 300 when considered on a 

100-year timescale and can persist in the atmosphere for hundreds of years (US 

EPA 2016). Mitsch et al. (2013) report that despite emissions of CH4, wetlands 

are net GHG sinks when considered on a longer timescale (>300 years) and can 

store 830 Tg of carbon a year. However, this statement has been debated and 

Bridgham (2014) states that there were many flaws in the model that was used to 

determine this data.  
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Biogeochemical Processes: 

One function of wetlands and the particular focus of this study is the role 

that they play in biogeochemical processes such as nutrient cycling of carbon and 

nitrogen. As carbon enters a wetland system through the breakdown of plant and 

animal material, it is sequestered in the soil as 50% of the material that comprises 

OM. Once carbon is in the soil, various microbes can utilize this carbon to fuel 

various processes. These microbial mediated processes can then lead to the 

emission of various gases, including GHGs such as CO2, CH4, and N2O. For 

example, in anoxic wetland systems, organic carbon is utilized by methanogens 

through the process of methanogenesis, and methane (CH4) is released into the 

atmosphere through one of three processes: ebullition, diffusion or arrenchyma. 

Ebullition is when gases rise to the surface trapped in bubbles; diffusion is when 

gas is dispersed through the water column; and arrenchyma is the transport of 

gases through the vascular systems of plants (Mitsch and Gosselink 2007). 

Although wetlands are largely anaerobic they do experience drying periods; when 

soils are oxidized and oxygen becomes readily available, aerobic decomposition 

can occur and CO2 is released (Moore and Knowles 1989). Other sources of CO2 

in wetlands include autotrophic and heterotrophic respiration (Schlesinger and 

Bernhardt 2013).  

Wetlands also facilitate nitrogen cycling, especially in agricultural areas 

where there is added input of fertilizer. Atmospheric nitrogen (N2) is fixed by 

bacteria and is converted to nitrate (NO3
-) or ammonium (NH4

+). Once in these 
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forms, plants can utilize this nitrogen (Mitsch and Gosselink 2007). Remaining 

NO3
- may be converted back to N2 or N2O via microbial denitrification while 

NH4
+ may be converted to these forms through the process of anammox; both 

these processes are anaerobic (Mitsch and Gosselink 2007, Morse et al. 2012). 

Although there is still some uncertainly and debate surrounding the emission of 

N2O vs. N2 through the process of denitrification, Wrage et al. (2001) report that 

N2O is released in low oxygen zones with sufficient NO3
- and carbon. When there 

is a presence of some oxygen, incomplete denitrification occurs and N2O is 

released rather than N2 (Wrage et al. 2001).  

The emission of these gases from wetland systems is largely determined 

by oxygen levels within the soil (Kayranli et al. 2009). Oxygen diffuses 10,000 

times slower in water than in the atmosphere, therefore the inundation of water 

greatly diminishes oxygen levels and anaerobic processes such as methanogenesis 

and denitrification result in the production of CH4 and N2O (Mitsch and Gosselink 

2007, Wrage et al. 2001).  

 

 History of Wetland Destruction: 

Throughout history wetlands have been drained, dredged, and filled to 

expand development as well as provide land for agriculture. It is estimated that 

since the 1780s to the 1990s, an average of 60 acres of wetlands were destroyed 

every hour in the continental USA (Dahl 1990a). Large-scale wetland destruction 

began in the continental United States during the 1600s when European colonists 
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started draining wetlands to establish settlements. As they started to explore and 

move out West, wetlands were increasingly destroyed to lay railroad tracks and 

create agricultural land. Due to the high accumulations of OM in wetlands, they 

provided fertile soil when drained. The expansion of agriculture was valued 

immensely through the mid-1900s as the government provided support to farmers 

to drain wetlands by offering free engineering help as well as financial assistance 

(Dahl 1990b). 

Wetland destruction slowed as scientific knowledge about wetland 

ecosystems and the ecosystems services they provide grew. Starting in the 1950s, 

people became more aware of the importance of wetlands and many federal 

policies were implemented to stop the destruction of wetlands and restore these 

systems. For example, the Wetland Conservation Compliance provision under the 

1985 Farm Bill, nicknamed the Swampbuster, reversed policies that provided 

financial support from the government for wetland drainage (Dahl 1990b, USDA 

NRCS 2017). In 1986, the Emergency Wetlands Resources Act was passed to 

help reverse historic wetland destruction. This act allowed for the federal 

government to purchase wetlands through the Land and Water Conservation Fund 

and mandated that states incorporate wetlands in their Comprehensive Outdoor 

Recreation Plans (Dahl 1990a). One piece of legislation that has had a lasting 

effect on wetland protection is the Clean Water Act of 1972. The legislation was 

amended in 1990 to include the No Net Loss policy. This amendment stated that 

if a permit was issued for development that destroyed existing wetlands or 
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wetland functioning, there must be some mitigatory efforts to recreate the 

functioning of the wetland (National Academic Press 2001).  

 

Wetland Restoration Efforts: 

With the Clean Water Act mandating no net loss and other environmental 

policies such as the Endangered Species Act of 1973 and the National 

Environmental Policy Act of 1969 emphasizing environmental restoration and 

protection, there has been increased effort to restore wetland systems. It is 

estimated that 70 billion dollars have been spent on restoring 30,000 ha of 

wetland ecosystems in North America over the last 20 years (Moreno-Mateos et 

al. 2012). Yet despite the high costs of these restoration projects there have been 

shortcomings in attempts to measure the success of these projects. According to 

Zedler and Callaway (1999), historically it has been assumed that functioning of 

restored systems are equivalent to the destroyed natural wetlands they are 

replacing. Although common measures such as re-vegetation cover and 

composition might suggest success, other necessary measures of ecosystem 

function such as nutrient storage and transformation and water quality 

improvement are rarely quantified and considered (Kentula 2002, Zedler and 

Callaway 1999). Another shortcoming in evaluating the success of restoration 

projects has been timescale, as many studies only last for 3 to 5 years (Callaway 

2005). Ballantine and Schneider (2009) report that while vegetation coverage and 

composition in restored sites may become comparable to those of natural wetland 
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sites within a decade, soil development takes much longer to return to natural 

reference functioning. As these gaps of measuring the success of restoration 

projects are illuminated a growing field of restoration ecology has emerged. 

The Society for Ecological Restoration (2004) defines restoration ecology 

as “the process of assisting the recovery of ecosystems that have been damaged, 

degraded, or destroyed.” Ballantine and Schneider (2009) state that restoration has 

always relied on ecological principles and that failed restoration projects may lead 

to scientific discovery as they can illuminate areas in scientific knowledge that are 

not fully understood. The field of restoration ecology uses a scientific framework 

to restore damaged ecosystems but also uses each restoration project to inform 

scientific understanding. One specific area of scientific inquiry that has been the 

focus of many restoration projects is determining how wetland system functioning 

develops over time and what drives this functioning (Callaway 2005). The 

functioning of a system and development of plant communities over time is 

known as succession. Without understanding the natural succession of systems, 

scientists and restoration technicians will be unable to successfully restore a site 

(Bradshaw 1984). One method restoration ecologists have used to address 

timescale issues is a chronosequence approach. This approach allows scientists to 

determine natural succession and development by monitoring several comparable 

sites that vary in time since restoration allowing for the project to occur in a 

shorter timeframe. (Callaway 2005, Zedler and Callaway 1999). Studying systems 

along a chronosequence provide insight into the development trajectory of these 
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systems, or how they develop over time. In the context of this study, I explore the 

idea of development trajectory of GHG emissions in retired and restored 

cranberry bogs. Previous studies (under review) that examine this same 

development trajectory of retired and restored cranberry bogs reveal that nitrogen 

cycling and microbial communities are significantly different in retired and 

restored systems (Pierce 2015, Ballantine and Andras unpublished data). These 

studies reveal that retired systems function more similarly to uplands systems 

while restored systems function more similarly to wetland systems.  

One of the most important aspects of wetland restoration is restoring 

hydrology (Zedler 2000). Oxygen levels are largely determined by the 

environment’s hydrology and dictate microbial pathways responsible for a 

wetland’s function to store and transform nutrients (Hurkuck et al. 2016). In 

Mitsch et al. (1998), the authors analyze several restoration mitigation projects 

carried out across the United States and conclude that the success rate of wetland 

mitigation has been very low. This conclusion is based off the inability of these 

restored wetlands to provide habitat, store nutrients, and return natural hydrology. 

One example provided by Mitsch et al. (1998) is Erwin’s (1991) review of 

wetland mitigation projects in Southern Florida. Erwin (1991), found that out of 

the 40 projects analyzed, 60% had failed due to not being completed or the 

inability to restore the natural hydrology functioning of a natural wetland.  
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Tidmarsh Farms: 

This study is largely focused on the restoration of Tidmarsh Farms, a 

former cranberry farm that is being used as a case study to explore the effects of 

restoration on ecosystem function. Tidmarsh Farms is a 577-acre retired cranberry 

bog located in Manomet Village of Plymouth, MA. The farm was cultivated for 

commercial cranberries for over 100 years, but has phased out all commercial 

production within the past decade (Hackman 2014). 192 acres, referred to 

Tidmarsh East, were placed under permanent conservation easement under the 

USDA NRCS Wetland Reserve Program in 2010. An additional 78 acres were 

placed under permanent conservation easement in 2015; this portion of the farm is 

known as Tidmarsh West (Hackman 2014).  

This project is the largest freshwater restoration project in Massachusetts 

(Hackman 2014). For the restoration of Tidmarsh Farms, dams and dikes were 

removed, ditches were filled using excess sand and soil from the site, and flumes 

were removed, allowing for the natural hydrology to return. Soil from the site was 

then turned over to create mounds and divots. This variance in topography allows 

for interspersed aerobic zones, which in turn helps optimize nutrient 

transformation, particularly nitrogen. Nitrogen typically undergoes coupled 

nitrification and denitrification (an aerobic and anaerobic process, respectively) in 

order to be returned to the atmosphere. This variation in landscape is also 

conducive for the return of more animal species, as different species require 

different environments. Another action taken to help increase return of wetland 
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species was to vary the landscape by laying large pieces of wood sporadically 

around the site. These logs allow protection and habitat for smaller species as well 

as perches for birds. A culvert was installed to allow fish populations to return to 

the site. After the land work was completed, the re-vegetation phase began and 

10,000 shrubs and trees were planted including Atlantic White Cedar 

(Chamaecyparis thyoides), which are a unique species to bog environments 

(Hackman 2014).  

The restoration of Tidmarsh Farms may be able to serve as a template for 

other retired cranberry farms as thousands of acres of cranberry farm are expected 

to go out of production in the near future. While previous studies indicate the 

benefits of wetland restoration on ecosystem services such as habitat and flood 

abatement, one function that is not as fully understood is the effect of restoration 

on GHG production. One proposed idea to help mitigate the effects of climate 

change is to restore wetland systems in order to store carbon and reduce CO2 

concentrations in the atmosphere. However, it is unknown if these newly restored 

systems function like natural systems in regard to emission of GHGs.  

 

Objectives and Hypotheses: 

The objective of this study was to determine if development trajectory 

influenced GHG flux in retired and restored cranberry bogs. I measured GHG 

fluxes from six sites that varied in development level including an actively farmed 

cranberry bog, retired and restored cranberry bogs, and a natural sphagnum bog. 
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In formulating my hypotheses for this study, I first identified the potential drivers 

of CO2, CH4, and N2O fluxes in these different sites. I determined that the main 

drivers of GHG fluxes from these systems would be soil moisture and SOM 

content. I anticipated that soil moisture would largely control oxygen availability 

while SOM content would control available organic carbon for microbes to as a 

substrate in microbial mediated processes responsible for GHG production.  

My first hypothesis is that the natural sphagnum bog site will have the 

lowest fluxes of CO2 while the actively farmed site will have the highest fluxes. 

This is due to the higher level of water in the natural reference site, which creates 

an anoxic environment and inhibits carbon from being oxidized into CO2. 

Conversely, the active farm, which is sanded and ditched to allow for better 

drainage, will have the highest flux of CO2 due to the highly aerobic environment. 

I expect CO2 fluxes from the retired sites to be greater than the restored sites due 

to the retired sites having more similar conditions to the actively farmed site and 

the restored sites having similar conditions to the natural sphagnum bog.  

 Secondly, I hypothesize that the natural reference site will have higher 

fluxes of CH4 than the other sites due to the anoxic environment and the large 

stores of OM. Natural sphagnum bogs are largely anoxic due to the frequency and 

duration of saturated conditions. In these anoxic conditions, OM accumulates 

because rates of decomposition are slowed in the absence of oxygen. 

Methanogens, CH4 producing microbes, are then able to use the carbon in the OM 

as a substrate to produce CH4.(Altor and Mitsch 2008). I hypothesize that CH4 



   18 

fluxes from the six sites will follow the opposite trend of CO2 fluxes: CH4 fluxes 

will be highest in the natural sphagnum bog, followed by the restored sites, the 

retired sites, and then the actively farmed site.  

 Thirdly, I expect N2O fluxes will be the highest in the active farm due to 

the inputs of nitrogen from fertilizer and coupled nitrification and denitrification 

that occurs with draining and flooding of the cranberry bog. Nitrifier 

denitrification has been shown to increase N2O production significantly, 

especially in low organic carbon soils and low pH (Wrage et al. 2001). 

Additionally, I hypothesized that N2O emissions would be lower in the restored 

systems than in the retired systems. The restored systems are transitioning from 

agricultural conditions to saturated wetland conditions and therefore I expected 

there to be higher rates of complete denitrification and lower rates of incomplete 

denitrification than in the retired sites.  
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METHODS: 

Site Descriptions: 

Gas fluxes were measured in six different sites to determine how 

development trajectory affected GHG production. The sites chosen vary along a 

land management trajectory as well as age gradient; two of the sites have been 

restored, two of the site have been retired, and two sites, the natural sphagnum 

bog and the active farm served as reference points representing opposite ends of 

the development trajectory continuum. The soils of the retired and restored sites 

have a large sand component due to anthropogenic input via a common cranberry 

farming practice of applying sand annually to the bogs to encourage root growth 

of cranberry plants.  

 

Rocky Pond Bog (actively farmed, ACT): 

Rocky Pond Bog, located in East Wareham, MA, is an actively farmed cranberry 

bog run by University of Massachusetts Amherst Cranberry Station (41° 

52.967’N, 70° 41.746’W) (Figure 1). The cranberries grown at this farm are 

cultivated for research purposes to better understand more efficient growing 

practices. The site has a ditch that runs around the perimeter as well as divides the 

sites into distinct cells. The site is heavily sprayed with pesticides and herbicides 

so that the only plants growing are cranberry. The dominant soil type is Swansea 

coarse sand (USDA NRCS 2016). 

 



   20 

Tidmarsh West (retired 1 yr., RET): 

Tidmarsh West is a 78-acre portion of Tidmarsh Farms that has only been out of 

production since 2015 (41° 54.199’N, 70° 34.379’W) (Figure 1). The site is still 

dominated by cranberry plants although various grasses and shrubs are beginning 

to grow. Ditches skirt the perimeter as well as divide the site into various cells. 

The dominant soil type is Freetown coarse sand (USDA NRCS 2016). 

 

Frying Pan (retired 11 yrs., RET+): 

The Frying Pan (41° 55.046’N, 70° 34.449’W) (Figure 1), named for its frying 

pan shape, is a cell of Tidmarsh Farms that has been out of production for 11 

years. The site has transformed since when it was farmed and has transitioned to 

an upland ecosystem. The ditches are still present around the perimeter of the site 

but the channels have become very overgrown. The site no longer is dominated by 

cranberry but instead is covered by white pines, red maples, and tall grasses. The 

soil type is Freetown coarse sand (USDA NRCS 2016).  

 

Tidmarsh East (restored 1 yr., RES): 

Tidmarsh East is the 192-acre portion of Tidmarsh Farms that was restored in 

2015 (41° 54.199’N, 70° 34.379’W) (Figure 1). Through the restoration of this 

site, the original hydrology of Beaver Dam Brook was returned by removing two 

dams and now the brook runs through the site. In addition to the removal of the 

dams, the ditches were removed and the land was turned over to break up the sand 
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surface as well as create micro-topography in hopes to increase microbial driven 

processes. After land work was completed, thousands of native plants including 

White Atlantic Cedar (Chamaecyparis thyoides) were planted to re-vegetate the 

site (Hackman 2014). The soil is comprised of Freetown coarse sand (USDA 

NRCS 2016).  

 

Eel River (restored 6 yrs., RES+): 

Eel River is a 60-acre restoration project in Plymouth, MA (41° 55.046’N, 70° 

34.449’W) (Figure 1). From the late 1800s to 2002, 40 of the 60 acres were 

commercially farmed for cranberries (MA DER 2009). In 2006, this parcel of land 

was bought from Phoenix Cranberry Corporation by Plymouth’s Community 

Preservation Committee with the intention to restore the site back to its original 

wetland status (MA DER 2009). The soil type is mainly comprised of Freetown 

coarse sand (USDA NRCS 2016). A large focus of the restoration project was the 

removal of Sawmill Pond dam, which was utilized to create a reservoir while the 

land was being farmed. The removal of this dam and the restoration of the 

original hydrology allowed the return of local fish populations (MA DER 2016). 

Restoration was completed in 2010 (Hackman 2014). While there is still evidence 

of cranberry plants, the site is now dominated by various sedges, rushes and 

grasses, sphagnum moss, as well as the many species including White Atlantic 

Cedar (Chamaecyparis thyoides) that were planted as part of the restoration (MA 

DER 2016).  
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Sphagnum Bog (natural reference site, NAT): 

The Sphagnum Bog is located in Plymouth, MA (41° 53.585’N, 70° 33.854’W) 

(Figure 1) and served as a natural reference site as it has never been used for 

cranberry farming. The site is characterized by Freetown mucks (USDA NRCS 

2016) and dominated by sphagnum moss. The site is approximately 2 acres and is 

located 1.5 km southeast of Tidmarsh Farms. While the site was fully inundated 

with water at the beginning of the field season in May 2016, it dried out 

significantly over the course of the field season largely due to the drought the area 

experienced 

 

Field Methods: 

Greenhouse gas emissions were measured using temporary static 

chambers installed at each site. Gas samples were collected every two weeks at 

each site for a total of five sampling events over the summer of 2016. In addition 

to GHG measurements, soil parameters such as pH, redox, temperature and 

moisture content were also recorded at each chamber as part of each sampling 

campaign.  

 

Chamber Design:  

The chambers used consisted of a collar that was installed in the field and 

a removable chamber top with a sampling port. The collars used as bases for the 

chambers were created by cutting off the top approximate 17 cm of 5-gallon 
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buckets. Large UV resistant rubber bands were stretched around the cut edge of 

the collars to ensure an airtight seal between the collar and the chamber. Smaller 

3.5-gallon buckets were used as chamber tops. Two 1 cm holes were drilled in the 

bottom of each bucket (top of chamber). In one of the holes, a rubber butyl 

septum was sealed to enable sampling from the chamber. In the second hole, a 

small piece of rubber tubing was threaded through; this rubber tubing allowed 

pressure to equilibrate when samples were taken from the chambers.  

 

Chamber Installment: 

Ten replicate collars were installed in each site at the beginning of the 

field season on May 17, 2016 and were left in place for the duration of the study. 

To install the collars in each site, vegetation was pushed aside and the collars 

were cut 3-5 cm into the ground. Collars were placed so that varying conditions 

within a site were captured but placement within these different conditions was 

random. Distance between collars was chosen at random with consideration given 

to overall sampling protocol. Each collar within each site was labeled 1-10 and 

marked with flagging. 

 

Gas Sampling: 

  Vials were evacuated in the lab prior to sampling. Each sampling 

campaign was completed in one day to minimize the degree of varying site 

conditions. Samples were collected using 23G needles and 20 ml syringes and 
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were stored in 10 ml headspace vials. Prior to sampling, chambers were placed on 

their side next to each collar along with vials, a needle and syringe. Syringes were 

flushed before collecting samples. At the beginning of sampling, the timer was 

started and ran continuously until the end of sampling. Starting at the first 

chamber location, the chamber was flipped onto the collar approximately 5 

seconds after the start of the timer. For the first two sampling campaigns, the 

initial gas sample was drawn immediately after placing the chamber on the collar. 

However for the last three sampling campaigns the initial gas sample wasn’t 

collected until ten minutes after flipping the chamber on the collar. This change 

was initiated because in the first two sets of samples the immediate sampling after 

the placement of the collar was picking up ebullition events due to the disturbance 

of the soil from placing the chambers. After the chamber was placed on the first 

collar and a sample was taken, the sampler proceeded to the next chamber and 

flipped the next chamber onto the collar at the exact next minute mark. 20 ml 

samples were drawn from the chambers and 15 ml were depressed into the vials. 

Vials were overfilled to assure that if the vial was leaky, sample leaked out 

instead of air leaking in. Samples from one chamber were collected every ten 

minutes for 40 minutes. Four total samples were collected from each collar during 

each sampling event. An ambient air sample was taken following gas sampling. 

Headspace measurements were also taken at every collar using a pre-slotted 

chamber and a meter stick to calculate volume of the chamber and to account for 

vegetation growth throughout the field season.  
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Soil Monitoring: 

Soil moisture, pH, temperature, and redox were taken at each chamber 

location during gas sampling. Soil moisture measurements were taken at 12 cm 

depth using a Spectrum Field Scout TDR 100 probe. Soil pH and temperature 

measurements were taken using a Spectrum Field Scout pH 400, and redox was 

measured using an ExStik RE300. Both pH and redox measurements were taken 

at 5 cm depth. pH probes were manually calibrated before sampling at each site 

while soil moisture and redox probes self-calibrated.  

 Soil samples were collected for SOM and bulk density (BD) analysis one 

time during the study. For SOM approximately 50 g of soil was collected using a 

hand corer at 10 cm depth. For BD, one exact 10-cm core was taken to ensure that 

BD could be calculated from the known volume of the core. Soil cores were 

stored on ice and transported back to the lab. Soil samples were processed within 

one week of collection.  

 

Analytical Methods: 

Gas: 

Gas samples were analyzed on a gas chromatograph coupled with an 

integrated headspace auto-sampler unit (Agilent GC 7890B and Agilent HS 

7697A, Santa Clara, CA). A flame ionization detector with a methanizer 

component was used to measure CH4 and CO2 while N2O was measured using an 

electron capture detector. In addition to field samples, five calibration standards 
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prepared from gas standards in the lab were included in every run. Standards were 

made up on the same day the samples were run. Samples were stored at room 

temperature and analyzed within three days of sampling. Automatic peak 

integration of gas concentrations was determined using ChemStation software 

(Agilent Technologies 2016). 

 Gas fluxes were calculated by determining changes in concentrations over 

the 40-minute period, where samples were collected once every 10 minutes. 

Concentrations were given in units of ppmv and then converted to mg C m2hr-1 for 

CH4 and CO2 and μg N m2hr-1 for N2O in flux calculations. Fluxes were 

calculated using the ideal gas law, the volume and area of the chamber, air 

temperature, atmospheric pressure, and the change in concentrations of gases 

fluxes over time (slope). Gas flux were calculated using the following equations: 

 

𝐹𝑙𝑢𝑥!"!  !"#  !"! = 𝑚 ∗
𝑉
𝐴 ∗

1000
𝑅 ∗

𝑃
𝑇 ∗

1
10! ∗ 60 ∗ 12.0107 ∗ 1000 

𝐹𝑙𝑢𝑥!!! = 𝑚 ∗
𝑉
𝐴 ∗

1000
𝑅 ∗

𝑃
𝑇 ∗

1
10! ∗ 60 ∗ 28 ∗ 10

! 

 

In these equations, m is equal to slope of the least squared regression of sample 

concentration by time, V is the volume of chamber measured in m3, A is the area 

of soil collar measured in m2, R is equal to the Ideal gas law constant (0.082057 

L*atm/mol* K), P is atmospheric pressure (atm), and T is air temperature (K). 
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Both pressure and temperature were taken from National Weather Service data for 

Plymouth, MA (NWS 2016). 

 

Soil: 

Soil cores in the field were brought back to the lab for analysis of SOM, 

and BD. Soil organic matter % was determined using the loss on ignition method 

where samples were combusted in a muffle furnace for 5 hours at 550°C. Bulk 

density was calculated by dividing the oven-dried weight (105°C until constant 

weight) by the volume of the core. 

 

Global Warming Potential: 

 A CO2 equivalency calculation, referred to as a GWP in this study, was 

performed to better compare overall GHG contribution from each site. Individual 

CO2, CH4, and N2O flux measurements were multiplied by GWP values (CO2=1, 

CH4=25, and N2O= 300) and then summed into one representative value for each 

chamber, in each site, on each sampling day. Statistically, the GWP representative 

values were treated the same as the flux by site comparisons.  

 

Statistical Methods: 

Statistical analysis was performed using JMP 13.0.0. Data was 

transformed if necessary to approximately meet assumptions of normality. 

Comparisons of means between sites were analyzed using two-way ANOVAs 
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where the independent factors were site and date. A site*date interaction term was 

also included in the model. One-way ANOVAs were used for measurements that 

were only taken once during the field season such as BD and SOM. Significant 

differences were determined using the post hoc Student’s t-test. Soil measures 

were correlated to fluxes using least squares regression. An alpha level of 0.05 

was used in all statistical analyses.  
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RESULTS: 

Site Comparisons: 

GHG Fluxes: 

Two-way ANOVAs conducted for each flux indicate that site-level CH4, 

CO2, and N2O flux means are significantly different from one another (p<0.0001, 

Figures 2-4). Results for the full two-way ANOVA (date-level and interaction 

term) are presented in the appendix (Table A1). Methane fluxes were considerably 

higher in the newly restored site, compared to the other sites (Figure 2). The 

actively farmed site had the lowest mean CH4 flux while the newly restored site 

had the highest mean CH4 flux (Figure 2). Overall, CH4 fluxes were greatest in 

the restored sites, intermediary in the natural sphagnum bog, and lowest in the 

retired and actively farm sites. Carbon fluxes in the form of CO2 were greater than 

CH4 (Figures 2-3). The natural sphagnum bog had the highest CO2 flux while the 

older restored site had the lowest (a negative flux) (Figure 3). Both restored sites 

had lower CO2 fluxes than the natural sphagnum bog and were the only two sites 

that were significantly different from the sphagnum bog. In general, CO2 fluxes 

were lowest in the restored sites, higher in the two retired and actively farmed 

sites and highest in the natural sphagnum bog. Overall, N2O fluxes were low 

(Figure 4). The natural sphagnum bog had the highest mean N2O flux. Both 

retired sites had smaller but positive fluxes while the two restored sites both had 

negative fluxes.  
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Soil Parameters: 

Two-way ANOVAs indicate that soil properties such as soil moisture, pH, 

and redox are significantly different across sites while one-way ANOVAs indicate 

that BD and SOM are significantly different across sites (Figures 5-7). Results for 

the full two-way ANOVA (date-level and interaction term) are presented in the 

appendix (Table A1). There was a significant difference in mean SOM across the 

six sites (p<0.0001, Figure 5). The mean SOM in the natural sphagnum bog was 

12 times greater than the site with the next highest SOM, the newly retired site. 

The older retired site had the lowest SOM with approximately 2% of the natural 

sphagnum bog. Overall, the retired and restored sites had comparable 

accumulations of SOM. The natural sphagnum bog and the older restored site had 

comparable moisture levels that were greater than all the other sites (Figure 6). 

The natural sphagnum bog was the wettest site and the older retired site was the 

driest site. Overall the restored sites had higher soil moisture than the retired sites. 

BD varied significantly across sites (p<0.0001, Figure 7). Bulk density was 

highest in the actively farmed site and lowest in the natural sphagnum bog. The 

BD in the sphagnum bog was 10% of the actively farmed site. The older retired 

site had a significantly higher BD than the other restored and retired sites, which 

had intermediate BDs that did not vary significantly from one another.  
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Relationships:  

Relationships between soil parameters and/or fluxes were determined both 

with the natural sphagnum bog included in the linear model and with it excluded 

due to the natural bog having different conditions than the other sites and are 

reported in that order.  

 

CO2 Flux vs. CH4 Flux: 

Linear regression analyses indicate a significant negative linear 

relationship between CH4 and CO2; as CO2 fluxes increased CH4 fluxes decreased 

(p<0.0001, Figure 8). The significance of this relationship remained with the 

removal of the sphagnum bog data from the model. 

 

Soil Organic Matter vs. GHG Fluxes: 

There was no significant relationship between CH4 and SOM when the 

sphagnum bog was included in the data set (p=0.1495, Figure 9). However, there 

was a positive relationship between SOM and CH4 when the natural sphagnum 

bog was excluded from the data set (p=0.0034). The relationship between CO2 

fluxes and SOM showed the opposite trend of CH4 and SOM; as SOM increased, 

CO2 decreased (p<0.0001, Figure 10). This relationship was still significant with 

the removal of the natural sphagnum bog from the model (p=0.0271). There was a 

negative relationship between N2O and SOM (Figure 11). The relationship was 

only significant when the natural sphagnum bog was included in the model 
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(p=0.001). A summary of Pearson’s correlation coefficients are given in Tables 1-

4.  

 

Soil Moisture vs. GHG Fluxes: 

Linear regression analyses indicated a positive relationship between CH4 

fluxes and soil moisture with and without the sphagnum bog included in the 

model (p<0.0001, Figure 12). Carbon dioxide fluxes from all sites were 

negatively correlated to soil moisture levels (p<0.0001, Figure 13). This 

relationship remained true with the removal of the natural sphagnum bog from the 

model (p<0.0001). Nitrous oxide fluxes were not correlated to soil moisture levels 

when the natural sphagnum bog was included in the model (p=0.9167, Figure 14) 

but became significant when the natural sphagnum bog was removed (p<0.0001). 

A summary of Pearson’s correlation coefficients are given in Tables 5-8. 

 

Bulk Density vs. GHG Fluxes: 

The negative relationship between BD and CH4 was not significant with 

the inclusion of the natural sphagnum bog (p = 0.054) but became significant 

when the natural sphagnum bog was excluded (p<0.0001, Figure 15). Carbon 

dioxide fluxes showed a strong positive relationship with the natural sphagnum 

bog included in the model (p<0.0001, Figure 16), but this relationship was not 

significant with the removal of the natural sphagnum bog from the model 

(p=0.0891). Similarly, N2O fluxes had a positive linear relationship when the 
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natural sphagnum bog was included in the model (p=0.004, Figure 17) but the 

relationship was not significant when the site was excluded from the model 

(p=0.7893). A summary of Pearson’s correlation coefficients are given in Tables 

1-4.  

 

Redox vs. GHG Fluxes: 

Linear regression analyses indicated an overall negative trend between 

CH4 and redox both with the sphagnum bog included and excluded from the 

model (p=0.0142 and p=0.0113, respectively, Figure 18). Models including and 

excluding the natural sphagnum bog revealed that CO2 fluxes were positively 

correlated with redox (p<0.0001 and p=0.0073, respectively, Figure 19). Nitrous 

oxide fluxes with and without the sphagnum bog included in the model showed a 

significant positive relationship with redox (p<0.001, Figure 20). A summary of 

Pearson’s correlation coefficients are given in Tables 5-8.  

 

pH vs. GHG Fluxes: 

Linear regression analyses indicated a positive correlation between CH4 

and pH both including and excluding the natural sphagnum bog from the data 

(p<0.0001, Figure 21). Regression analyses of CO2 fluxes with pH showed the 

opposite relationship of CH4 fluxes; as pH increased, CO2 fluxes decreased 

(p<0.0001, Figure 22). This relationship held true even when the natural 

sphagnum bog was removed from the model (p<0.0001). The overall relationship 
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including and excluding the natural sphagnum bog in the model between N2O and 

pH was significant and showed a negative trend (p<0.001, Figure 23). A summary 

of Pearson’s correlation coefficients are given in Tables 5-8.  

 

 Between soil parameters: 

 A positive linear trend was found between soil moisture and SOM (Figure 

24). SOM versus BD revealed a negative trend (Figure 25). Soil moisture had a 

negative correlation to BD (Figure 26). Lastly, the linear regression models that 

compared redox and pH showed a negative trend (Figure 27). All models with and 

without the natural sphagnum bog included were significant (p<0.0001). 

 

Global Warming Potential (GWP): 

Two-way ANOVAs indicate that mean site level GWP significantly differ 

from one another (p<0.0001, Figure 28). The restored sites had the highest GWP 

followed by the natural bog, then the retired sites, and the actively farmed site had 

the lowest. Within the restored sites, the newly restored site had the highest GWP 

and the older restored site had a lower GWP, although this difference was not 

significant.   
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DISCUSSION: 

The results of this study suggest that development trajectory of retired and 

restored cranberry bogs does affect GHG flux. The trends observed indicate that 

fluxes from restored systems are more similar to natural bog systems while fluxes 

from retired sites are more comparable to actively farmed sites. The results of this 

study imply that the restoration of wetlands may play a role in the mitigation of 

climate change through their ability to store carbon that would otherwise be 

emitted as CO2. We see that GHG emissions and soil parameters can be affected 

by drought conditions similar to what we experienced in Massachusetts this 

summer.  

 

Methane Fluxes:  

 Methane fluxes from the six sites differed according to development level; 

CH4 was highest in the restored sites, intermediary in the natural sphagnum bog, 

lower in the retired sites, and lowest in the actively farmed site. I hypothesized 

that the active farm would have the lowest CH4 flux with increasing CH4 

emissions in the retired, restored sites, and the natural sphagnum bog. While the 

actively farmed site followed this trend, the natural sphagnum bog did not. In a 

study that examined GHG flux from three prairie pothole wetlands--one recently 

restored, one older restored, and one natural site--Bortolotti et al. (2016) found 

that CH4 fluxes were highest in the newly restored system as compared to an older 

restored site and that over time CH4 fluxes decrease. Mitsch et al. (2013) found 
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that created wetlands initially have higher CH4 fluxes but decrease over time and 

reach natural wetland CH4 fluxes over a 13-15 year time frame. The initial 

elevated CH4 fluxes from the newly restored site in our study is likely due to the 

turning over and mixing of peat into shallower soils in combination with the 

restoration of the natural hydrology. This combination of exposing carbon-rich 

material and creating an anoxic environment by flooding the site creates an 

environment ideal for CH4 producing microbes.  

Another explanation for the lower than expected CH4 fluxes in the natural 

sphagnum bog relative to the other restored sites is the drought that southern 

Massachusetts experienced this summer and the substantial drying out of the site. 

Altor and Mitsch (2006) explain that in order for CH4 fluxes to decrease from a 

system, the water level must fall below the soil surface. At the beginning of the 

field season the natural sphagnum bog was saturated with standing water. Over 

the summer, the sphagnum bog experienced substantial drying and by the end of 

the summer there was no standing water. Our moisture data shows that overall 

soil moisture decreased in the retired sites and increased in the restored sites. 

However, the natural sphagnum bog did not follow the same trend as the restored 

systems and soil moisture significantly decreased over the summer (p<0.0001) 

(Figures A1-A6). 

I originally hypothesized that SOM would also be a controlling factor of 

CH4 fluxes. However, there was no significant relationship between CH4 and 

SOM, although the general trend shows a positive relationship (Figure 9). 
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Schlesinger and Bernhardt (2013) and Bridgham et al. (2013) report that CH4 

fluxes are largely driven by SOM accumulation. One possible explanation for 

why there wasn’t a significant relationship between SOM and CH4 fluxes is that 

the restored sites haven’t been functioning for long enough to accumulate large 

stores of organic matter while the retired sites are aerobic and therefore do not 

have large organic matter stores (Figure 5). Ballantine and Schneider (2009) 

report that mean SOM in restored freshwater depressional wetlands aging 3-55 

years since restoration still have less than half the accumulation of SOM of 

natural reference wetlands. The retired sites do not accumulate large stores of 

SOM because aerobic decomposition, a process that uses oxygen (the most 

energetically favorable terminal electron acceptor), is the dominant 

decomposition pathway in these systems and rapidly breaks down. When the 

same model is run without the natural sphagnum bog, the relationship becomes 

significant (p=0.0034). I expect that due to the drying and oxidation of the natural 

sphagnum bog this summer, the magnitude of the CH4 fluxes were lower and 

therefore the overall relationship wasn’t significant. 

 In comparing the retired versus the restored sites, CH4 fluxes were lower 

in the retired sites, and significantly higher in the restored sites. This trend can be 

attributed to the soil moisture levels; in general, sites with higher moisture levels 

had higher CH4 fluxes. Bridgham et al. (2013) and Badiou et al. (2011) 

corroborate these finding and state that water level was the single most important 

factor in controlling CH4 fluxes in their studies that examined fluxes from natural 
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and restored wetlands. When soils are saturated and flooded with water, oxygen 

levels are very low and aerobic decomposition, the most energetically favorable 

decomposition process, is unable to occur. As a result other anaerobic microbial 

decomposition pathways start to become dominant processes. 

 The dominant microbial respiration process is determined by the 

availability of inorganic terminal electron acceptors. The most energetically 

favorable terminal electron acceptor is oxygen followed by nitrate, ferric iron, 

manganese, sulfate, and then acetate. Methane is produced when acetate is used as 

the terminal electron acceptor (Bridgham 2013). One indication of what terminal 

electron is being used and what microbial decomposition process is dominant is 

redox potential. Redox potential measures an environment’s capability to either 

receive or supply electrons (Schlesinger and Bernhardt 2013). Higher redox 

potentials suggest aerobic decomposition pathways while lower redox potentials 

indicate anaerobic processes. Our redox measurements further support the 

assertion that soil moisture and water inundation are controls of oxygen 

availability, which then drives CH4 and CO2 fluxes. There was a significant 

negative relationship between redox potential and CH4 fluxes while there was a 

significant positive relationship between CO2 fluxes and redox potential (Figures 

18 and 19, respectively).  
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Carbon Dioxide Fluxes: 

 The natural sphagnum bog had the highest CO2 flux followed by the 

retired and actively farmed sites, while the restored sites had the lowest fluxes. 

Carbon dioxide fluxes from the six sites are primarily driven by microbial aerobic 

decomposition. In environments with low soil moisture, oxygen is readily 

available and therefore I expected to see higher CO2 levels compared to sites that 

have high soil moisture content.  

I originally hypothesized that the actively farmed site would have the 

highest CO2 fluxes while the natural sphagnum bog would have the lowest. In a 

study on CO2 dynamics from peatlands, Bubier et. al. (2003) report that water 

level significantly affects CO2 emission and that lower water tables led to higher 

emissions of CO2. Therefore, I expected that soil moisture would be the most 

important driver of CO2 emissions and that the drier the site, the greater the CO2 

flux. My findings support the second half of this hypothesis in that soil moisture 

is a driving factor of CO2 fluxes; there was a significant negative relationship 

between CO2 and soil moisture (Figure 13). However, the older retired site was 

drier than the actively farmed site and also had a higher CO2 flux than the actively 

farmed site (Figure 3). The higher soil moisture in the actively farmed site could 

be due to the fact that it gets watered regularly (irrigation) while the older retired 

site only receives water input from precipitation. Opposite of what I hypothesized, 

the natural sphagnum bog had the highest CO2 flux. This is likely due to the 

combination of the large stocks of organic material and the drought which 
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allowed for rapid aerobic decomposition of the organic material. Although the 

sphagnum bog still had the highest soil moisture content, the measurements were 

taken at 12 cm depth, which may have allowed for the oxidation and production 

of CO2 above this depth. Also, the natural sphagnum bog had the lowest BD 

which may have allowed for the quick oxidation of the shallow soil as the site 

dried over the summer. Kasimir-Klemedtsson et al. (1997) state that low BD soils 

have higher pore space, which allows for higher concentrations of oxygen within 

the soils.  

Considering site age since restoration or retirement, it becomes evident 

that restored sites over time function more similarly to a natural wetland system 

while retired sites function more like an upland system in regards to CO2 flux. 

The newly retired site had a lower CO2 flux than the older retired site, a site that 

was retired 11 years ago. The newly restored site had a higher CO2 flux than the 

older restored site. This supports the notion that over time a restored system will 

transition to a net carbon sink.  

 

Nitrous Oxide Fluxes: 

Nitrous oxide fluxes were comparable to literature values such as those in 

Grant’s (2014) thesis addressing how drainage and irrigation of cranberry bogs 

affects GHG flux. I initially hypothesized that N2O fluxes would be highest in the 

actively farmed site due to N inputs from fertilizer as well as coupled nitrification 

and denitrification from the flooding and draining of the cranberry bog. However, 
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in this study, the natural sphagnum bog had the highest N2O flux and the actively 

farmed site had the lowest N2O flux. I hypothesized that low pH and low carbon 

soils would increase N2O fluxes. The results of this study corroborate the 

relationship between pH and N2O fluxes; there was a significant negative 

relationship between N2O and pH (Figure 23).  

One explanation for why the natural sphagnum bog had the highest N2O 

fluxes instead of the actively farmed site is that it presumably had higher rates of 

coupled nitrification and denitrification. Also, it is expected that the natural 

sphagnum bog has larger nitrogen stocks due to the age of the system and 

therefore has more available nitrogen than the other sites. The positive fluxes 

from the retired site can be attributed to N2O production via the aerobic process of 

nitrification whereas the negative fluxes from the restored sites can be explained 

by the anaerobic conditions that allowed for complete denitrification. The 

negative flux from the actively farmed site could be due to measurement noise. 

Cowan et al. (2014) indicate that many reported negative N2O fluxes are due to 

error in measurements because of the low magnitude of the flux and not because 

of microbial activity. Cowan et al. (2014) state that the lowest detection rates for 

N2O is 4 μg m-2 hr-1. It is possible that due to the low magnitude of the N2O 

fluxes, especially from the actively farmed site, the flux should have been 

reported as below the detection limit.  
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Global Warming Potential:  

In analyzing GHG fluxes from restored wetlands, one question that I had 

is if the restored systems are contributing to GHG accumulation in the atmosphere 

or if they are net GHG sinks. I determined if a site was contributing to global 

warming through GHG emission by calculating its GWP, an index of relative 

GHG flux. Nitrous oxide fluxes were minimal thus they didn’t contribute 

significantly to the GWP from the sites. However, one important trend that 

became clear after interpreting the results is the significant inverse relationship 

between CO2 and CH4 (Figure 8). The data indicates that the sites that are emitters 

of CO2 emit negligible amounts of CH4, while sites that emit CH4 tend to emit low 

levels of CO2. Whiting and Chanton (2001) discuss this tradeoff of CO2 

sequestration and CH4 emissions and conclude that temperate wetlands, such as 

the focus of this study, may contribute to GHG accumulation over a 20-year 

timeframe but are considered net carbon sinks over a longer time period greater 

than 100 years. This is due to the persistency of the different GHGs in the 

atmosphere. While N2O and CH4 are more potent than CO2 they have shorter life 

spans in the atmosphere and therefore contribute less to GHG emissions over a 

longer time period (IPCC 2007). Likewise, in a study that looked at GHG flux 

from wetlands in the Canadian prairie pothole region, Badiou et al. (2011) found 

the restored wetlands were successful in mitigating the effects of climate change 

through carbon sequestration even when accounting for increased CH4 emissions. 
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Considering GWPs for the sites included in this study, all sites are net 

GHG emitters (Figure 28). The newly restored site had the highest GWP while the 

older restored site had a GWP similar to the natural sphagnum bog. The retired 

sites had lower GWPs than the restored sites and natural sphagnum bog, and the 

actively farmed site had the lowest GWP. However, it would be interesting to 

calculate and include the additional GHG emissions associated with the 

production and transportation of cranberries into the GWP for the actively farmed 

site. This additional calculation would allow us to better understand the impact of 

cranberry farming on GHG emission and overall contribution to global warming.  

The reduction in GWP between the newly restored site and the older restored site 

suggests that the impact of GHG contribution decreases over time. The GWP 

calculations show that the natural sphagnum bog is a net source of GHG but I 

expect that if measurements were taken over many seasons or years and not just in 

a drought year when the soils experience oxidation we would see the opposite 

trend.  

 

Implications for Restoration: 

  The difference in GHG trends from restored versus retired systems 

provides insight about development trajectory of restored and retired wetland 

systems. Systems that were retired transitioned into upland ecosystems while 

restored systems began to function as wetland ecosystems; sites that were retired 

became CO2 sources while CH4 fluxes decreased, and the opposite trend was seen 
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in restored systems. Zedler and Callway (1999) conclude that the restoration of 

biogeochemical functioning in restored wetlands is much slower than initially 

believed and that return to reference wetland functioning may not occur for 

hundreds of years. However, when considering wetland restoration there are other 

ecosystem functions and benefits of wetlands and wetland restoration that must be 

considered besides GHG production.  

In coastal systems, such as the setting for this study, eutrophication caused 

from excess nitrogen loading from developed areas as well as runoff from 

agricultural lands leads to unhealthy hypoxic and anoxic aquatic ecosystems. 

Land et al. (2016) found in a review study of 93 papers and over 200 wetlands 

that restored and created wetlands with a median age of 1-3 years significantly 

reduce nitrogen loading to coastal systems. Stevens et. al. (2003) reports that 

wildlife habitat in wetlands is typically restored within a decade of restoration. 

Odum (1981) discusses the idea of edge effects and how transition zones between 

two different ecotones are areas of high biodiversity due to the variety of 

resources and habitat features. This theory of edge effects can help explain the 

high biodiversity of wetland ecosystems. Although only a year since restoration, 

Tidmarsh East is already showing increased biodiversity and abundance of both 

animal and plant species. Mass Audubon bird surveys report an increase in bird 

diversity and abundance at Tidmarsh East. In addition, there have been several 

sightings of federally endangered and threatened species such as the Roseate Tern 

(Sterna dougallii) and the Plymouth red-bellied cooter (Pseudemys robriventris 
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bangsi) an endangered turtle that has been documented 1,000 feet from the site. 

The restoration of the natural hydrology has returned fish populations including 

three federally listed species: the Alewife (Alosa pseudoharengus), the blueback 

herring (Alosa aestivalis), and the American eel (Anguilla rostrata). Over 8,000 

White Atlantic Cedars (Chamaecyparis thyoides), an endemic and threatened tree 

species, have been planted throughout the site (Hackman 2014). Planting 

threatened species will help sustain local populations and help increase 

biodiversity. Gamfeldt et al. (2008) reports that high biodiversity increases an 

ecosystem’s overall functioning as different species are responsible for different 

processes that lead to healthy ecosystem function. Lastly, as a result of climate 

change, sea level is expected to rise as well as the frequency of extreme weather 

events. Wetlands will provide a buffer and protect infrastructure and development 

from rising sea levels and flooding events (Mitsch and Gosselink 2000).  

Zedler and Callaway (1999) recommend that wetland destruction should 

be minimized, as wetland creation for mitigatory purposes does not replace the 

full functioning of natural wetlands. However, in situations where wetlands have 

already been destroyed, wetland restoration is the best option for putting damaged 

systems on a trajectory toward maximizing their ecological function. Where 

cranberry farmers are retiring their businesses and looking to transition their 

farmland to an alternate land use, wetland restoration provides a viable solution. 

With rising CO2 concentrations in the atmosphere and the increased effects of 

climate change, sustainable systems that can mitigate negative effects of climate 
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change will become increasingly important. Climate change is largely driven by 

the increasing accumulation of CO2 in the atmosphere and wetlands are 

ecosystems that can help store excess carbon. 

 

Future Studies: 

 Although this study helped to determine how GHG fluxes differed in 

restored versus retired cranberry bogs, there are additional studies that could be 

conducted to more accurately understand trends in GHG production from these 

sites. One limitation of this study is that it was carried out over the summer lasting 

from June - August. Although microbial action is limited in winter months, which 

leads to the reduction of GHG production, it would be interesting to sample 

throughout the year to determine how seasonal variation in fluxes affects the 

overall contribution of GHGs from these sites to the atmosphere. 

 Another limit of this study is that we were unable to sample from the 

entire site. Although we tried to get spatial variation in landscape, we only 

sampled from a small part of each site. Our sampling methodology limited us to a 

smaller sampling region but other methodologies such as using an automated gas 

analyzer may reveal these spatial differences as well as enable us to sample a 

more representative portion of each site.  

One future study that would allow for better understanding of the fluxes 

observed from these sites is to pair the GHG flux data with soil respiration, in situ 

denitrification, and carbon sequestration measurements. These additional 
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measurements would help explain the flux observations as well as provide 

insights into the carbon balance of these systems. In the natural sphagnum bog 

where we observed high CO2 and N2O, measuring respiration and in situ 

denitrification would allow us to confirm if these trends are due to denitrification 

or other N cycling processes. To understand the carbon balance of these systems it 

would be interesting to investigate and measure carbon burial rates in the system 

as well as measure above and below ground biomass. These measurements paired 

with the GHG fluxes would provide a more holistic picture of carbon cycling in 

these systems.  

In this study we did not account for vegetation effects. While we used 

white buckets as chambers we did not test their ability to completely block out 

sunlight and halt photosynthesis within the chamber. If plants were still able to 

photosynthesize within the chamber, CO2 fluxes could be lower than what was 

actually emitted from microbial communities within the soil. One way to combat 

this issue would be to use dark fabric or aluminum foil to cover the chambers and 

then compare the results of the covered chambers to the uncovered chambers. 

Paired measurements taken in the light and the dark would allow us to 

differentiate between net ecosystem productivity (measurements taken in the 

light) and ecosystem respiration (measurements taken in the dark). Lastly, I think 

a long term monitoring project could better explain how these restored systems 

develop over time and how biogeochemical function changes over time.  
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CONCLUSION: 

 

In conclusion, this study has revealed that restoration of cranberry bogs is 

a viable solution for landowners wishing to retire their farms. Although restored 

systems initially are net carbon sources, the results of this study suggest that they 

will transition to net carbon sinks like their natural wetland counterparts over 

time. As we are already starting to face the effects of climate change, the need to 

store excess carbon in the atmosphere has become increasingly important. On a 

shorter timescale, wetland restoration provides many other important ecosystem 

services such as habitat, water purification, and buffers against storms. This study 

may provide insight and inform future studies on the drivers of GHG flux from 

wetland systems as well as the science of restoration ecology. Although the 

results of this study present interesting data and trends, a prolonged study over the 

course of decades may better explain how development level affects GHG flux.  

 

  



   49 

REFERENCES:  
 

 
Altor, A.E. and W.J. Mitsch. 2006. Methane flux from created riparian marshes: 

relationship to intermittent versus continuous inundation and emergent 
macrophytes. Ecological Engineering 28:224-234. 

 
Altor, A.E. and W.J. Mitsch. 2008. Methane and carbon dioxide dynamics in 

wetland mesocosms: effects of hydrology and soils. Ecological 
Applications 18:1307-1320. 

 
Averill, A., F. L. Caruso, C. J. DeMoranville, P. Jeranyama, and J. LaFleur. 2008. 

Cranberry Production Guide. University of Massachusetts Cranberry 
Station, East Wareham, MA. 

 
Babbit, K.J. 2005. The relative importance of wetland size and hydroperiod for 

amphibians in southern New Hampshire, USA. Wetlands Ecology and 
Management. 13:269-279. 

 
Badiou, P., R. McDougal, D. Pennock, and B. Clark. 2011. Greenhouse gas 

emissions and carbon sequestration potential in restored wetlands of the 
Canadian prairie pothole regions. Wetlands Ecology Management 19:237-
256. 

 
Ballantine, K. and R. Schneider. 2009. Fifty-five years of soil development in 

restored freshwater depressional wetlands. Ecological Applications 
19:1467-1480.  

 
Bortolotti, L.E., V.L. St. Louis, R.D. Vinebrooke, and A.P. Wolfe. 2016. Net 

ecosystem production and carbon greenhouse gas fluxes in three prairie 
wetlands. Ecosystems 19:411-425. 

 
Bradley, R.S. 2011. Natural archives, changing climates. Contribution to Science 

7:21-25 
 
Bradshaw, A.D. 1984. Ecological principles and land reclamation practice. 

Landscape Planning 11:35-48. 
 
Bridgham, S.D., H. Cadillo-Quiroz, J.K. Keller, and Q. Zhuang. 2013. Methane 

emissions from wetlands: biogeochemical, microbial, and modeling 
perspectives from local to global scales. Global Change Biology 19:1325-
1346. 

Bridgham, S.D., T.R. Moore, C.J. Richardson, N.T. Roulet. 2014. Errors in 
greenhouse forcing and soil carbon sequestration estimates in freshwater 



   50 

wetlands: a comment on Mitsch et al. (2013). Landscape Ecology. 
29:1481-1485 

 
Bubier, J. G. Bhatia, T.R. Moore, N.T. Roulet, P.M. Lafleur. 2003. Spatial and 

temporal variability in growing season net ecosystem carbon dioxide 
exchange at a large peatland in Ontario, Canada. Ecosystems. 6:353-367 

 
Callaway, J.C. 2005. The challenge of restoring functioning salt marsh ecosystem. 

Journal of Coastal Research 40:24-36. 
 
Cowan, N.J., D. Famulari, P.E. Levy, M. Anderson, D.S. Reay, and U.M. Skiba. 

2014. Investigating uptake of N2O in agricultural soils using a high-
precision dynamic chamber method. Atmospheric Measurement 
Techniques 7:4455-4462. 

 
Dahl, T.E. 1990a. Wetlands losses in the United States 1790s to 1980s. U.S. 

Department of the Interior, Fish and Wildlife Service, Washington, D.C.  
 
Dahl, T.E. 1990b. Wetland loss since the Revolution. National Wetlands 

Newsletter 12(6). Environmental Law Institute, Washington D.C., USA.  
 
Davidson, E.A. 1992. Sources of nitric oxide and nitrous oxide following wetting 

of dry soil. Soil Science Society of America 56:95-102. 
 
Erwin, K.I. 1991. An evaluation of wetland mitigation in the South Florida water 

management district. Vol. 1. West Palm Beach: South Florida Water 
Management District. Final Report.  

 
Gamfeldt, L., H. Hillebrand, and P.R. Jonsson. 2008. Multiple functions increase 

the importance of biodiversity for overall ecosystem function. Ecology 
89:1223-1231. 

 
Grant, A. 2014. Greenhouse gas emissions from cranberry fields under irrigation 

and drainage in Quebec. Department of Bioresource Engineering. Masters 
of Science Thesis. McGill University.  

 
  
Hackman, A. 2014. Tidmarsh Farms Restoration Project: National Coastal 

Wetlands Conservation Grant Proposal. Massachusetts Executive Office 
of Environmental Affairs, Department of Fish and Game, Division of 
Ecological Restoration. 

 



   51 

Holm, D, D. Lass, R. Rogers, and D. Demery. 2000. Agriculture’s hold on the 
commonwealth. Department of Resource Economics, University of 
Massachusetts Amherst. 

 
Hurkuck, M., C. Brummer, and W.L. Kutsch. 2016. Near-neutral carbon dioxide 

balance at a semi natural temperate bog ecosystem. Journal Of 
Geophysical Research: Biogeosciences 121:370-384. 

 
IPCC. 2007. Climate Change 2007: The Physical Science Basis. Contribution of 

Working Group I to the Fourth Assessment. Report of the 
Intergovernmental Panel on Climate Change. Cambridge, United 
Kingdom and New York, NY, USA.  

 
IPCC. 2014. Climate change synthesis report. Intergovernmental Panel on 

Climate Change. Cambridge, United Kingdom and New York, NY, USA.  
 
Kasimir-Klemedtsson, A., L. Klemedtsson, K.Berglund, P. Martikainen, J. 

Silvola, and O. Oenema, 1997. Greenhouse gas emissions from farmed 
organic soils: a review. Soil Use and Management 13:245–250. 

 
Kayranli, B., M. Scholz, A. Mustafa, A. Hedmark. 2010. Carbon storage and 

fluxes within freshwater wetlands: a critical review. Wetlands. 30:111-124 
 
Kentula, M.E., 2002. Wetland restoration and creation. National Water Summary 

on Wetland Resources Water Supply Paper 2425. Available online at 
https://water.usgs.gov/nwsum/WSP2425/restoration.html. 

 
Land, M., W. Graneli, A. Grimvall, C.C. Hoffmann, W.J. Mitsch, K.S. Tonderski, 

and J.T.A. Verhoeven. 2016. How effective are created or restored 
freshwater wetlands for nitrogen and phosphorus removal? A systematic 
review. Environmental Evidence 5:1-26. 

 
Logan, C.A., 2010. A review of ocean acidification and America’s response. 

Bioscience 60: 819-828. 
 

MA DER. 2009. Restoration Project Fact Sheet. Massachusetts Division of 
Ecological Restoration. Available online at 
http://www.mass.gov/eea/docs/dfg/der/pdf/eelriver-factsheet-final.pdf. 
Accessed October 2016. 

 
MA DER. 2016. Fresh Water Wetlands and Stream Restoration Example: Eel 

River Headwaters Restoration Project. Massachusetts Division of 
Ecological Restoration. Available online at 



   52 

http://www.mass.gov/eea/agencies/dfg/der/aquatic-habitat-restoration/eel-
river-restoration-project.html. Accessed October 2016.  

 
 
Mitsch, W.J., B. Bernal, A.M. Nahlik, U. Mander, L. Zhang, C. J. Anderson, S. E. 

Jorgensen, and H. Brix. 2013. Wetlands, Carbon and Climate Change. 
Landscape Ecology 28:583-597.  

 
Mitsch, W.J. and J.G. Gosselink. 2000. Wetlands. 3rd edition. John Wiley and 

Sons Inc. Hoboken, New Jersey. 
 
Mitsch, W.J. and J.G. Gosselink. 2007. Wetlands. 5th edition. John Wiley and 

Sons Inc. Hoboken, New Jersey. 
 
Mitsch, W.J., X. Wu, R.W. Nairn, P.E. Weihe, N. Wang, R. Deal, and C.E. 

Boucher. 1998. Creating and restoring wetlands. BioScience 48:1019-
1027. 

 
Moore, T.R. and R. Knowles. 1989. The influence of water table levels on 

methane and carbon dioxide emissions from peatland soils. Canadian 
Journal of Soil Science 69:33-38. 

 
Moreno-Mateos, D., M.E. Power, FRA. Comin, and R. Yockteng. 2012. 

Structural and functional loss in restored wetland ecosystems. PLoS Biol 
10: el001247.doi:10.1371/journal.pbio,1001247. 

 
 
National Academic Press. 2001. Compensating for Wetland Losses Under the 

Clean Water Act. National Academy Press Washington, D.C., USA. 
 
Odum, E.P. 1971. Fundamentals of Ecology. W.B. Saunders Co. Philadelphia, 

PA, USA. 
 
Pierce, E. 2015. Denitrification along a restoration gradient of southeastern 

Massachusetts cranberry bogs. Department of Environmental Studies. 
Bachelors of Arts Honors Thesis. Mount Holyoke College.  

 
Sabine, C.L., R.A. Feely, N. Gruber, R.M. Key, K.Lee, J. L. Bullister, R. 

Wanninkhof, C.S. Wong, D.W.R. Wallace, B. Tilbrook, F. J. Millero, T. 
Peng, A. Kozyr, T. Ono, and A.F. Rios. The Oceanic sink for 
anthropogenic CO2. Science 305: 367-371. 

 
Sandler, A.H. and C.J. DeMoranville. 2008. Cranberry production: a guide for 

Massachusetts- summary edition. University of Massachusetts-Amherst. 



   53 

 
Schlesinger, W.H. and E.S. Bernhardt. 2013. Biogeochemistry: an analysis of 

global change. Third edition.  Academic Press, San Diego, California, 
USA. 

 
Society for Ecological Restoration. 2004. Available online at http://www.ser.org/. 

Washington DC, USA. Accessed on January 15th, 2017.  
 
Stevens, C. E., T. S. Gabor, and A. W. Diamond. 2003. Use of restored small 

wetlands by breeding waterfowl in Prince Edward Island, Canada. 
Restoration Ecology 11:3–12. 

 
Stewart, R.E Jr. 2009. Wetlands as bird habitat. United States Government 

Printing Office. Washington D.C., USA. 49-56 
 

Turner, R.E., N.N. Rabalais, and D. Justic. 2008. Gulf of Mexico hypoxia: 
alternative states and a legacy. Environmental Science and Technology 
42:2323-2327. 

 
Ulloa, M.J., P. Alvarez-Torres, K.O. Horak-Romo, and R. Ortega-Izaguirre. 2016. 

Harmful algal blooms and eutrophication along the Mexican coast of the 
Gulf of Mexico large marine ecosystem. Environmental Development. 
http://dx.doi.org/10.1016/j.envdev.2016.10.007  

  
USDA NRCS. 2017. Wetland Conservation Provisions (Swampbuster). United 

States Department of Agriculture. Natural Resources Conservation 
Service. Available online at 
https://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/programs/al
phabetical/camr/?cid=stelprdb1043554. Accessed on January 9, 2017. 

 
USDA NRCS. 2016. Web Soil Survey. United States Department of Agriculture 

Natural Resources Conservation Service. Available online at 
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx. 
Accessed on October 10, 2016.  

 
USDA/NASS. 2015. State Agriculture Overview. United States Department of 

Agriculture National Agriculture Statistics Service. Available online at 
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php
?state=MASSACHUSETTS. Accessed on January 4, 2016. 

 
US EPA. 2016. Understanding Global warming potentials. U.S. Environmental 

Protection Agency. Washington, DC, USA. 
 



   54 

Walberg, E. 2013. Tidmarsh Farms: Massachusetts Climate Change Adaptation 
Plan. Manoment Center for Conservation Sciences. 

 
Whiting, G.J. and J. P. Chanton. 2001. Greenhouse carbon balance of wetlands: 

methane emission versus carbon sequestration. Tellus. 53B: 521-528. 
 
Wooten, H.H., and L.A. Jones.1955. The history of our drainage enterprises, in 

the yearbook of agriculture, 1955: Washington, D.C., U.S. Department of 
Agriculture, 84th Congress, 1st Session, House Document no.32:478-498. 

 
Wrage, N., G.L. Velthof, M.L van Beusichem, and O.Oenema. 2001. Role of 

nitrifier denitrification in the production of nitrous oxide. Soil Biology and 
Biochemistry. 33:1723-1732. 

 
Zedler J.B and J.C. Callaway. 1999. Tracking Wetland Restoration: do mitigation 

sites follow desired trajectories? Restoration Ecology. 7:69-73. 
 
Zedler, J.B., 2000. Progress in wetland restoration ecology. TREE 15: 402-407.  



   55 

FIGURES: 
 

 
Figure 1. Map showing the six sampling sites. All sites are located within 
Plymouth County. Image courtesy of Google Earth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   56 

 
 
Figure 2. Mean CH4 flux across sites ± SE. Bars that share a letter are not 
significantly different from one another. 
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Figure 3. Mean CO2 flux across sites ± SE. Bars that share a letter are not 
significantly different from one another.  
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Figure 4. Mean N2O flux across sites ± SE. Bars that share a letter are not  
significantly different from one another.  
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Figure 5. Mean soil organic matter across sites ± SE. Bars that share a letter are 
not significantly different from one another. 
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Figure 6. Mean soil moisture across sites ± SE. Bars that share a letter are not 
significantly different from one another. 
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Figure 7. Mean bulk density across sites ± SE. Bars that share a letter are not 
significantly different from one another. 
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Figure 8. Linear regression of cube root transformed CO2 flux and cube root 
transformed CH4 flux. Significant relationships are shown with a trend line. 
Dashed trend lines include the natural sphagnum bog in the model while the solid 
lines exclude the natural sphagnum bog.  
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Figure 9. Linear regression of cube root transformed mean CH4 flux and log 
transformed soil organic matter. Significant relationships are shown with a trend 
line. Dashed trend lines include the natural sphagnum bog in the model while the 
solid lines exclude the natural sphagnum bog.  
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Figure 10. Linear regression of cube root transformed mean CO2 flux and log 
transformed soil organic matter. Significant relationships are shown with a trend 
line. Dashed trend lines include the natural sphagnum bog in the model while the 
solid lines exclude the natural sphagnum bog.  
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Figure 11. Linear regression of cube root transformed mean N2O flux and log 
transformed soil organic matter. Significant relationships are shown with a trend 
line. Dashed trend lines include the natural sphagnum bog in the model while the 
solid lines exclude the natural sphagnum bog.  
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Figure 12. Linear regression of cube root transformed CH4 flux and cube root 
transformed soil moisture. Significant relationships are shown with a trend line. 
Dashed trend lines include the natural sphagnum bog in the model while the solid 
lines exclude the natural sphagnum bog.  
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Figure 13. Linear regression of cube root transformed CO2 flux and cube root 
transformed soil moisture. Significant relationships are shown with a trend line. 
Dashed trend lines include the natural sphagnum bog in the model while the solid 
lines exclude the natural sphagnum bog.  
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Figure 14. Linear regression of cube root transformed N2O flux and cube root 
transformed soil moisture. Significant relationships are shown with a trend line. 
Dashed trend lines include the natural sphagnum bog in the model while the solid 
lines exclude the natural sphagnum bog.  
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Figure 15. Linear regression of cube root transformed mean CH4 flux and bulk 
density. Significant relationships are shown with a trend line. Dashed trend lines 
include the natural sphagnum bog in the model while the solid lines exclude the 
natural sphagnum bog.  
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Figure 16. Linear regression of cube root transformed mean CO2 flux and bulk 
density. Significant relationships are shown with a trend line. Dashed trend lines 
include the natural sphagnum bog in the model while the solid lines exclude the 
natural sphagnum bog.  
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Figure 17. Linear regression of cube root transformed mean N2O flux and bulk 
density. Significant relationships are shown with a trend line. Dashed trend lines 
include the natural sphagnum bog in the model while the solid lines exclude the 
natural sphagnum bog.  
  



   72 

 
 
Figure 18. Linear regression of cube root transformed CH4 flux and cube root 
transformed redox. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 19. Linear regression of cube root transformed CO2 flux and cube root 
transformed redox. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 20. Linear regression of cube root transformed N2O flux and cube root 
transformed redox. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 21. Linear regression of cube root transformed CH4 flux and log 
transformed pH. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 22. Linear regression of cube root transformed CO2 flux and log 
transformed pH. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 23. Linear regression of cube root transformed N2O flux and log 
transformed pH. Significant relationships are shown with a trend line. Dashed 
trend lines include the natural sphagnum bog in the model while the solid lines 
exclude the natural sphagnum bog.  
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Figure 24. Linear regression of cube root transformed mean soil moisture and log 
transformed soil organic matter. Significant relationships are shown with a trend 
line. Dashed trend lines include the natural sphagnum bog in the model while the 
solid lines exclude the natural sphagnum bog.  
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Figure 25. Linear regression of log transformed mean soil organic matter and bulk 
density. Significant relationships are shown with a trend line. Dashed trend lines 
include the natural sphagnum bog in the model while the solid lines exclude the 
natural sphagnum bog.  
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Figure 26. Linear regression of cube root transformed mean soil moisture and 
bulk density. Significant relationships are shown with a trend line. Dashed trend 
lines include the natural sphagnum bog in the model while the solid lines exclude 
the natural sphagnum bog.  
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Figure 27. Linear regression of cube root transformed redox and log transformed 
pH. Significant relationships are shown with a trend line. Dashed trend lines 
include the natural sphagnum bog in the model while the solid lines exclude the 
natural sphagnum bog.  
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Figure 28. Global warming potential across sites ± SE. Bars that share a letter are 
not significantly different from one another. 
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TABLES: 

 

Table 1. Pearson correlation coefficients for all data averaged by chamber 
location. Significant values are in bold (r critical equals 0.254). 
 
  BD SOM CH4 CO2 N2O 
BD 1         
SOM -0.9082 1       
CH4 -0.2522 0.1900 1     
CO2 0.6603 -0.6807 -0.3713 1   
N2O 0.3689 -0.4164 -0.1100 0.55478 1 
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Table 2. Pearson correlation coefficients for data averaged by chamber location 
excluding sphagnum bog. Significant values are in bold (r critical equals 0.279). 
 

 
 
 
 
 
 
  

  BD SOM CH4 CO2 N2O 
BD 1         
SOM -0.5305 1       
CH4 -0.5886 0.4104 1     
CO2 0.2455 -0.3158 -0.5023 1   
N20 0.0392 -0.1677 -0.1342 0.4699 1 
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Table 3. Pearson correlation P values for all data averaged by chamber location.  
 
  BD SOM CH4 CO2 N2O 
BD 0         
SOM <0.0001 0       
CH4 0.0540 0.1495 0     
CO2 <0.0001 <0.0001 0.0038 0   
N20 0.0040 0.0010 0.4071 <0.0001 0 
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Table 4. Pearson correlation P values for data averaged by chamber location 
excluding sphagnum bog. 
 
  BD SOM CH4 CO2 N2O 
BD 0         
SOM 0.0001 0       
CH4 <0.0001 0.0034 0     
CO2 0.0891 0.0271 0.0002 0   
N20 0.7893 0.2493 0.3578 0.0007 0 
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Table 5. Pearson correlation coefficients for all data. Significant values are in bold 
(r critical equals 0.113). 
 
  CH4 CO2 N2O pH Moisture Redox 
CH4 1           
CO2 -0.3313 1         
N2O -0.1531 0.3657 1       
pH 0.4874 -0.6920 -0.3738 1     
Moisture 0.5231 -0.3466 -0.0061 0.4791 1   
Redox -0.1429 0.2222 0.4024 -0.3483 -0.2072 1 
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Table 6. Pearson correlation coefficients for data excluding sphagnum bog. 
Significant values are in bold (r critical equals 0.126).  
 
  CH4 CO2 N2O pH Moisture Redox 
CH4 1           
CO2 -0.3703 1         
N2O -0.1765 0.2385 1       
pH 0.5311 -0.6549 -0.2685 1     
Moisture 0.6028 -0.5919 -0.2415 0.7130 1   
Redox -0.1600 0.1694 0.3104 -0.3289 -0.2912 1 
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Table 7. Pearson correlation P values for all data. 
 
  CH4 CO2 N2O pH Moisture Redox 
CH4 0           
CO2 <0.0001 0         
N2O 0.0079 <0.0001 0       
pH <0.0001 <0.0001 <0.0001 0     
Moisture <0.0001 <0.0001 0.9167 <0.0001 0   
Redox 0.0132 0.0001 <0.0001 <0.0001 0.0003 0 
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Table 8. Pearson correlation P values for data excluding sphagnum bog. 
 
  CH4 CO2 N2O pH Moisture Redox 
CH4 0           
CO2 <0.0001 0         
N2O 0.0051 0.0001 0       
pH <0.0001 <0.0001 <0.0001 0     
Moisture <0.0001 <0.0001 0.0001 <0.0001 0   
Redox 0.0113 0.0073 <0.0001 <0.0001 <0.0001 0 
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APPENDIX: 
 

 

 
 
Figure A1. Linear regression of cube root transformed soil moisture across 
sampling dates from the actively farmed site (p=0.7246). Significant relationships 
are shown with a trendline.  
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Figure A2. Linear regression of cube root transformed soil moisture across 
sampling dates from the newly retired site (p=0.8473). Significant relationships 
are shown with a trendline.  
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Figure A3. Linear regression of cube root transformed soil moisture across 
sampling dates from the older retired site (p<0.0001). Significant relationships are 
shown with a trendline  
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Figure A4. Linear regression of cube root transformed soil moisture across 
sampling dates from the newly restored site (p=0.0034). Significant relationships 
are shown with a trendline.  
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Figure A5. Linear regression of cube root transformed soil moisture across 
sampling dates from the older restored site (p=0.5254). Significant relationships 
are shown with a trendline.  
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Figure A6. Linear regression of cube root transformed soil moisture across 
sampling dates from the natural sphagnum bog (p<0.0001). Significant 
relationships are shown with a trendline.  
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Table A1. Results of full two-way ANOVA. Significant P values are bolded.  

 
 

 
 

Site Date Site*Date 

CH4 <0.0001 0.0823 0.2390 

CO2 <0.0001 <0.0001 <0.0001 

N2O <0.0001 0.3583  <0.0001 

Soil Moisture <0.0001 0.6639 <0.0001 
pH <0.0001 <0.0001 <0.0001 


