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Abstract 

I studied the effects of anthropogenic nitrogen loading from septic tanks on the 

actual and potential denitrification and nitrification rates in two Atlantic white cedar 

wetlands.  I compared these rates from a pristine swamp in the Cape Cod National 

Seashore near South Wellfleet, Massachusetts and an impacted swamp in Woods Hole, 

Massachusetts to determine whether higher nitrogen inputs to the system increases 

denitrification rates or decreases nitrification rates.  In a core experiment I measured 

direct denitrification through the nitrate flux into the sediment and coupled nitrification-

denitrification using sediment O2 and dissolved inorganic nitrogen (DIN) fluxes to 

calculate the rate of denitrification stoichiometrically.  Direct denitrification was 

positively correlated with nitrate concentration in the cores spiked with nitrate from both 

sites and was higher at the control site.  The coupled nitrification-denitrification rates 

were lower in the control swamp spiked cores than the impacted swamp spiked cores.  I 

used sediment slurries to measure the potential nitrification and denitrification at the two 

swamps.  Low pH does not appear to inhibit nitrification at eithe r swamp.  The rates of 

potential nitrification and denitrification were higher at the control swamp than the 

impacted swamp, possibly due to higher surface water nitrate concentrations.   

 

KEY WORDS:  Atlantic White Cedar, Forested Wetlands, Nitrification, Denitrification, 

Impact of Septic Tanks, Anaerobic Respiration 
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Introduction 

In the last 200 years, humans have destroyed thirty to fifty percent of wetlands in 

the continental United States and Atlantic white cedar wetlands are no exception 

(Tangley, 1984).  Atlantic white cedar wetlands are located in the United States from 

44oN latitude southward and most are located from sea level to 50m (Laderman, 1987).  

Some deciduous species found in Atlantic white cedar swamps include black gum (Nyssa 

sylvatica), red maple (Acer rubrum), and sweetbay magnolia (Magnolia virginiana) 

(Ehernfeld and Scheider).  There is a large quantity of relief on the forest floor due to the 

hummock and hollow topography associated with the tree boles (Ehrenfeld and 

Schneider).  Soils in Atlantic white cedar wetlands are acidic with a pH of 3.1 to 5.5 and 

are often flooded for at least half of the growing season (Laderman, 1987).  The flooded 

soils create anoxic sediments, with or without an oxic layer at the sediment surface 

(Tangley, 1984).   

The range and number of unaltered Atlantic white cedar wetlands are shrinking 

due to human impacts (Laderman, 1987).  Some of the Atlantic white cedar 

(Chamaecyparis thyoides L.) stands in the United States were removed by sea level rise 

and beaver dams, however, most of the loss is from harvest practices, altered hydrology, 

and habitat incursion by humans (Laderman, 1987).  Organic chemicals, chloride, heavy 

metals, and nutrients can contaminate these swamps through septic tank leachate and 

road runoff (Ehrenfeld and Schneider).  Roads can also alter the dynamics and depth of 

seasonal flooding by acting as dams (Ehrenfeld and Schneider).  As Atlantic white cedars 

are adapted to high acidity and low nutrient levels (Tangley, 1984), increasing the 

nutrient levels to the swamp, may cause other species to invade.  Several rare species 

including the parula warbler (Parula Americana), heartleaf twayblade (Listera cordata), 

the dwarf mistletoe (Arceuthobium pusillum) and the Hesselis hairstreak butterfly 

(Callophyrs hessli) inhabit cedar bogs and are threatened by this loss and alteration of 

their habitat (Sarrie and Woolsey, 1987).   

In anaerobic environments, such as the sediment in Atlantic white cedar swamps, 

bacteria must utilize other electron acceptors, such as nitrate or nitrite, for decomposition 

as oxygen is depleted (Jorgensen, 1980).  Denitrification is the process by which nitrate 

or nitrite is used to decompose organic matter releasing N2 or N2O gas (Seitzinger and 
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Giblin, 1996; Knowles, 1980; Jorgensen, 1980).  Henceforth I will use nitrate to refer to 

both nitrate and nitrite.  Denitrification is carried out by facultative anaerobic bacteria, as 

the process cannot occur in an environment where oxygen is present (Knowles, 1980; 

Seitzinger, 1988).  Denitrification occurs in nearly all lake, river, and coastal marine 

sediments (Seitzinger 1988) as well as continuously flooded soils (Patrick and Tusnamn, 

1972).  The nitrate used in denitrification either comes directly from the water column (as 

in direct denitrification), or from nitrification in the oxic upper sediment layer or water 

column (as in coupled nitrification-denitrification) (Seitzinger and Giblin, 1996).   

Nitrification is a two-step process by which bacteria in the genera Nitrosomonas 

and Nitrobacter convert ammonium to nitrate (Seitzinger and Giblin, 1996).  Nitrification 

needs oxygen to occur so cannot continue in anoxic sediments, such as those under an 

anoxic water column.  Therefore, in the flooded Atlantic white cedar wetlands, 

nitrification cannot occur unless there is an oxic layer in the water above the peat.  Nitrate 

produced by nitrification is taken up by plants, diffuses to the anoxic zone and is 

denitrified, or is reduced to ammonia (Hemond, 1983).  Both nitrification and 

denitrification are inhibited by low pH (Morris, 1991) but denitrification has been shown 

to occur in soils with a pH as low as 3.6 (Gilliam and Gambrell, 1978 and Muller et al., 

1980).  In cypress swamps a pH of 4-5 inhibits nitrification, so the pH typical of Atlantic 

white cedar wetlands may inhibit or completely prevent nitrification (Morris 1991).   

Materials and Methods  

 I studied the effects of anthropogenic nitrogen loading from septic tanks on the 

denitrification and nitrification rates in Atlantic white cedar wetlands.  I compared actual 

denitrification, potential denitrification, and potential nitrification rates in two cedar 

swamps with different disturbance regimes to determine whether increased nitrogen 

loading to the system increases denitrification rates or decreases nitrification rates.  

Direct denitrification is measured through the nitrate flux into the sediment and coupled 

nitrification-denitrification can be measured using sediment O2 and dissolved inorganic 

nitrogen (DIN) fluxes to calculate the rate of denitrification stoichiometrically or by 

measuring the N2 efflux from the sediment (Seitzinger and Giblin, 1996).   

 My control study site is an Atlantic white cedar wetland in a twenty-acre glacial 

kettle located in South Wellfleet, Massachusetts at the Cape Cod National Seashore 
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(Paterson, 1995).  The site has a peat layer 24 ft thick, was colonized by Atlantic white 

cedar about 3,000 years ago, and is now a mature white cedar forest with some invasion 

of red maple (Paterson, 1995).  The site is the largest Atlantic white cedar stand on the 

outer arm of Cape Cod and has been undisturbed since 1960, when the National Parks 

Service acquired the swamp (Paterson, 1995).  Before 1960 selective cutting had 

occurred in the swamp since European settlers came to the area (Paterson, 1995).   

My second study site is Devil’s Lane swamp located in Woods Hole 

Massachusetts across the street from the Marine Biological Laboratory Devil’s Lane 

parking lot.  It is a disturbed Atlantic white cedar wetland in a kettle depression.  Devil’s 

Lane is permanently flooded, as the road has blocked the outflow from the swamp, and 

several houses with septic tanks are located in the area that drains into the swamp.  My 

third study site is Cumloden swamp, in Woods Hole, Massachusetts.  It is an Atlantic 

white cedar wetland that was flooded in the late 1960’s, killing all of the cedar trees 

(Kelsey, 1997).  Several houses with septic tanks are located near the swamp, adding 

nutrients to the swamp. 

 We measured the concentration of nitrate, sulfate, and ammonium in the surface 

water at the center and edge of both the Devil’s Lane and the Cumloden swamps.  We 

collected these samples from three transects in each swamp November 12 and 13, 2001.  

I analyzed all nitrate samples for the study using a Lachat flow injection analyzer (Wood 

et al., 1967).  Throughout the study, I acidified the ammonium samples prior to analysis 

with 1µL/mL of 5N HCl, and analyzed them colormetrically using an acidified standard 

curve with 1µL/mL of 5N HCl (Solorzano, 1969).  Megan Hartmann conducted all of the 

sulfate analyses.   

 To measure actual denitrification rates we used peat cores to measure the net flux 

of dissolved inorganic nitrogen and oxygen into the peat.  We collected three peat cores 

from the edge of the Devil’s Lane swamp on November 12, 2001 with 10cm Plexiglas 

core tubes.  Also on November 12, 2001 we filled a 20L carboy of surface water from 

another site at the edge of the swamp and filtered the water using a nitrogen gas pressure 

filtration device and a 0.8µm glass fiber filter to remove phytoplankton and heterotrophs.  

We measured the dissolved oxygen at both the core site and the site where we collected 
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water from Devil’s Lane on December 13, 2001.  The cores were stored between 6 and 

10oC and the filtered water was stored at 6oC until the experiment.   

After emptying the overlying water from the core tubes we filled the headspace of 

the three cores using the filtered water.  Within 24 hours of collecting the cores, they 

were capped and we began our study.  The cores were stirred using magnetic stir bars 

throughout all of the incubations.  We took initial water samples for nitrate and 

ammonium analyses and sampled again after 3, 10, 21, and 26 hours, replacing the 

sampled water with filtered water each time.  After the last sampling time the cores were 

aerated and the water in the headspace was stirred with the cores uncapped overnight.  

We then spiked the cores with nitrate to 20µM, 50µM, and 150µM and repeated the 

previously described incubation, sampling after 0, 4, 7, and 20 hours. 

 We repeated this experiment with three cores collected from the center of the 

Marconi swamp on November 26, 2001.  There was no surface water at the Marconi 

swamp when we sampled.  However, surface water nitrate and ammonium concentrations 

were not significantly different between the Devil’s lane and Marconi swamps in a 

previous study (Kelsey, 1997), so to fill the headspace of the Marconi cores we used 

surface water collected on November 27, 2001 from the same site as the water used for 

the other set of cores and filtered in the same way.  We took an initial sample for nitrate 

and ammonium once the cores were capped and sampled 4, 10, and 21 hours later, 

replacing the water each time.  After this incubation was complete we bubbled the cores 

and allowed them to stir open for 12 hours.  At the end of the twelve hours we took a 

water sample from the cores.  Then we spiked the headspaces of the cores to 

concentrations of 20µM, 50µM, and 150µM nitrate, capped the cores, and repeated the 

incubation sampling the cores 0, 4, 7, and 20 hours after the cores were capped.   

At each sampling time for all four incubations we measured the dissolve oxygen 

in the headspace and Megan Hartmann sampled the cores for carbon dioxide and methane 

measurements.  Throughout all of the incubations the cores were kept between 8 and 

11oC and the filtered water was kept at 6oC.  After running the core incubations we took a 

sample of the top layer of each core and analyzed it for carbon and nitrogen content using 

a Perkin-Elmer CHN analyzer.  I calculated the rate of coupled nitrification-

denitrification using the Redfield Ratio for a maximum estimate and the carbon to 
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nitrogen ratio of the cores to give a minimum estimate of the expected release of 

ammonium through aerobic decomposition.  I assumed that the difference between the 

expected and actual release of ammonium was due to coupled nitrification-denitrification.   

We sampled water from the cores sites at the Devil’s Lane and Marconi swamps 

on November 26 and 27, 2001 and analyzed it for nitrate, ammonium and sulfate.  Peat 

samples were collected from the center and edge of the Marconi swamp on November 26, 

2001 and the center and edge of the Devil’s Lane swamp on November 27, 2001.  These 

samples were kept at 6oC until used for my potential nitrification and potential 

denitrification sediment slurry experiments and Megan Hartmann’s experiment.   

I use the sediment slurry method developed by Hanson et al (1981) to measure 

potential nitrification.  I homogenized a subsample of peat from both the edge and center 

of the two swamps and placed two grams in 14, 50mL centrifuge tubes for each of the 

four sites.  I added 35mL of 300µM ammonium (NH4Cl) and 100µM phosphate (KPO4) 

solution to all 56 tubes and 8 blanks.  I placed the tubes on a shaker table at room 

temperature in the dark for the duration of the experiment to keep the tubes oxygenated.  

I sampled two tubes from each site for nitrate after 20 minutes of shaking.  I then sampled 

3 tubes from each site and 2 blanks for nitrate 24 hours later, 71 hours later, 111 hours 

later, and 143 hours later.  I calculated potential nitrification using nitrate appearance. 

 I also used slurries to calculate potential denitrification from the uptake of nitrate.  

I placed approximately 15g of homogenized peat from the core sites in 12, 300mL BOD 

bottles for Marconi and 12, 300mL BOD bottles for Devil’s Lane.  I then added different 

amounts of nitrate to three BOD bottles from each site for three replicates of 4 treatments 

(0µM, 10µM, 50µM, and 150µM nitrate).  I bubbled a carboy of nanopure water with He 

gas for 15 minutes to remove N2 gas from the water.  I then filled the 24 experimental 

bottles and 3, 60mL BOD bottle blanks with the nanopure water while continuing to 

bubble the water with He gas. The bottles were incubated for three or four days in the 

dark at room temperature before being sampled for nitrate.  I also sampled Megan 

Hartmann’s experiment for nitrate to determine the denitrification rates for her 

treatments. 

 All statistical tests were t-tests unless otherwise noted in the results section.  I also 

analyzed my data using paired t-tests and ANOVAs, with a Tukey’s LSD post hoc test.  
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All of the statistical analyses were conducted using SPSS 9.0 for Windows Student 

Version. 

Results 

 Although, nitrate concentrations appear to be higher in the center of Cumloden 

than at the edge (Figure 1); nitrate concentrations were not statistically different between 

the edge and the center of either Cumloden or Devil’s Lane (Cumloden: df=4, t=-1.625, 

p=0.179; Devil’s Lane: df=4, t=-0.673, p=0.538) (Figure 1).  Ammonium concentrations 

appear higher at the center of Devil’s Lane than the edge and higher at Devil’s Lane than 

Cumloden (Figure 2).  There is no statistical difference in the concentration of NH4
+

 

between the center and edge of either swamp (C: df=4, t=-2.352, p=0.078; DL: df=4, t=-

0.353, p=0.742) (Figure 2).  The ammonium and nitrate concentrations were significantly 

higher in Devil’s Lane than Cumloden (Ammonium:  df=4, t=-2.775, p=0.020; Nitrate:  

df=4, t=-2.240, p=0.049) (Figure 1 and 2).   

The ammonium concentration of surface water in Devil’s Lane appears to be 

higher than the ammonium concentration in the pore water from the Marconi core site 

(Figure 3).  The concentration of nitrate appears to be higher at the Marconi core site than 

at the Devil’s Lane core site (Figure 1 and 3).  Dissolved oxygen in the surface water at 

Devil’s Lane was less than 1.2mg/L at the core site and less than 2mg/L at the water site.  

The carbon content of was 47% higher in the Marconi cores than the Devil’s Lane cores 

(Figure 4).  The nitrogen content was similar in the two sets of cores, although it was 6% 

higher in the Marconi cores (Figure 4).  The C:N ratio was significantly higher in the 

Marconi cores than in the Devil’s Lane cores (df=4, t=-19.084, p<0.001) (Figure 4).   

 The oxygen concentration decreased over time in all three Devil’s Lane control 

cores and the Devil’s Lane 20µM, 50µM, and 150µM cores (Figure 4 a and b).  The 

oxygen concentration decreased faster in the Devil’s Lane spiked cores than the control 

cores (Figure 4 a and b).  Oxygen concentrations in the headspace of both incubations of 

the Marconi swamp cores also decreased with time (Figure 4 b and c).  There does not 

appear to be a change in oxygen consumption between the control and spiked Marconi 

cores (Figure 4 b and c).  The rate of oxygen consumption was not significantly different 

between the two sets of control cores (df=4, t=-0.894, p=0.422).  There was also no 

significant correlation between the rate of oxygen consumption and the nitrate 
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concentration in the cores from either site (Devil’s Lane: df=1, F=0.002, p=0.963; 

Marconi: df=1, F=0.044, p=0.843) (Figure 5 a and b). 

 In the Devil’s Lane control cores both nitrate and ammonium increased over time 

(Figure 6 a and b).  In the Marconi control cores the nitrate concentrations increased or 

remained fairly constant throughout the incubation (Figure 6 c).  The difference in the 

change in concentration of nitrate between the Devil’s Lane and Marconi control cores is 

marginally significant (df=4, t=2.657, p=0.057).  After the third sampling of the Marconi 

control cores the ammonium concentration was nearly zero, so we did not include the 

fourth sampling point in our ammonium analysis.  The ammonium concentrations 

decreased throughout the incubation in the Marconi control cores (Figure 6 d).  There is a 

significant difference in the rate of change of ammonium concentration between the two 

sets of control cores (df=4, t=7.862, p=0.001).  Dissolved inorganic nitrogen (DIN) 

concentrations increased in the Devil’s Lane cores and decreased in the Marconi cores 

over time (Figure 6 e and f).  The difference in the rate of change in the concentration of 

DIN between the two sets of control cores is significant (df=4, t=10.787, p<0.001). 

 In the spiked Devil’s Lane cores the concentration of both nitrate and ammonium 

decreased over time (Figure 7 a and b).  In the spiked Marconi cores the concentration of 

nitrate also decreased over time (Figure 7 c).  In the 20µM nitrate Marconi core the 

ammonium concentration decreased with time (Figure 7 d).  However in the 50 and 

150µM nitrate Marconi cores the ammonium concentration increased over time (Figure 7 

d).  There is a significant positive correlation between the rate of nitrate consumption and 

the nitrogen concentration in the Devil’s Lane cores (df=1, F=284.530, p<0.001) (Figure 

8 a).  Although the rate of nitrate consumption appears to increase with nitrogen 

concentration in the Marconi cores, this correlation is not statistically significant (df=1, 

F=0.475, p=0.528) (Figure 8 b).  The ammonium consumption appears to increase with 

nitrate concentration in the Devil’s Lane cores and decrease with nitrate concentration in 

the Marconi cores (Figure 9 a and b).  There is no significant correlation between he rate 

of ammonium consumption and the nitrate concentration in the cores from either swamp 

(Devil’s Lane: df=1, F=1.408, p=0.301; Marconi: df=1, F=4.470, p=0.120).   

 There appear to be higher rates of coupled nitrification–denitrification in the 

Devil’s Lane spiked cores than the Devil’s Lane control core (Figure 11).  In the Marconi 
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cores coupled nitrification-denitrification appears to be higher in the control cores than 

the spiked cores and appears to decrease with the concentration of nitrate (Figure 11).  

The coupled nitrification-denitrification rates calculated from the Redfield ratio are 

significantly higher than those calculated from the CHN data for the Marconi and Devil’s 

Lane cores except for the Devil’s Lane control cores (Figure 11, Table 2).  The rate of 

coupled nitrification-denitrification rate is significantly lower, when calculated from 

either the Redfield Ratio or the C:N ratio of the cores, for the Marconi spiked cores than 

for the Devil’s Lane spiked cores (Figure 11) (paired t-test, Redfield:  df=2, t=-4.779, 

p=0.041; C:N:  df=2, t=5.151, p=0.036).  The rate of coupled nitrification-denitrification 

also appears to be higher in the Marconi control cores than the Devil’s Lane control 

cores, but the difference is not significant for either calculation (Redfield:  df=2, t=0.060, 

p=0.955; C:N:  df=2, t=-2.101, p=0.104) (Figure 11). 

 The concentration of nitrate decreased in the potential nitrification slurries 

between 111 hours and 143 hours so the 143-hour data point was not used in analysis.  

The concentration of nitrate increased in all but one of the potential nitrification slurries 

during the first 111 hours of the experiment (Figure 12 a).  The third replicate from the 

center of Devil’s Lane decreased in nitrate concentration throughout the incubation 

(Figure 12 b).  The potential nitrification rate appears to be higher at the edge of Devil’s 

Lane than in the center (Figure 13).  Potential nitrification also appears to be faster in 

both sites at the Marconi swamp than at the center of Devil’s Lane (Figure 13).  There are 

no significant differences overall between sites (ANOVA: df=3, F=2.550, p=0.129), but 

there is a significant difference between the potential nitrification rates in the center of 

the two swamps (Table 1). 

 Potential denitrification rates appear to increase with nitrate concentration at both 

sites (Figure 14).  There is a significant difference in the potential denitrification rates 

between the two swamps (paired t-test: t=2.868, df=11, p=0.015).  The potential 

denitrification rates at the Devil’s Lane swamp, at the Marconi swamp, and overall are 

also correlated with the increase in nitrate concentrations (Devil’s Lane: df= 1 t=25.415, 

p<0.001; Marconi: df= 1 t=14.457, p<0.001; Overall: df= 1 t=14.550, p<0.001).  The 

rates of denitrification from Megan Hartmann’s experiment appear lower than the rates 

found in my potential denitrification experiment for 150µM nitrate (Figure 14 and 15).   
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Discussion 

 The low surface and pore water nitrate concentrations at our sites indicate that 

much of the nitrate in precipitation is removed by plant uptake or denitrification (Figure 1 

and 3).  Area precipitation has a nitrate concentration of about 30µM nitrate (Anne 

Giblin, personal communication), 5 to 10 times the concentration found in the swamp 

surface and pore water (Figure 1 and 3).  As the concentrations of nitrate and ammonium 

in the surface water were higher at Devil’s Lane than at Cumloden, Devil’s Lane appears 

to be the more impacted swamp in terms of nitrogen (Figure 1 and 2).  We chose to use 

Devil’s Lane for our experiments because we were unable to core at Cumloden and 

Devil’s Lane is the more impacted swamp.  As there was no significant difference in 

surface water nitrate and ammonium concentrations between the center and edge of the 

two swamps we chose to collect cores form only one site in each of the swamps we used 

in our study (Figure 1 and 2).   

Kelsey (1997) found that surface water nitrate concentrations were significantly 

higher at Marconi than Devil’s Lane, which is consistent with our results form the core 

sites (Figure 3).  Unlike our results form the core sites; Kelsey (1997) found no 

significant differences between the two sites in the concentration of ammonium (Figure 

3).  It is possible that we sampled our cores at Devil’s Lane from near a point source of 

nitrogen because we took our courses from a site near a house and the road.  The core site 

is also probably affected by a point source of nitrogen because it has a 30 times higher 

ammonium concentration than the mean of surface water ammonium concentrations at 

the other sites sampled in Devil’s Lane, which is consistent with the concentrations found 

by Kelsey (1997).  As we are interested in the effects of increased nitrogen loading to the 

swamps and Devil’s Lane is our impacted swamp, sampling at a point source of nitrogen 

in Devil’s Lane would not interfere with the study.  There may also have been a 

contamination of our Devil’s Lane core site ammonium sample. 

 The oxygen concentrations decrease in all four core incubations as expected 

(Figure 4).  Oxygen is used in the cores by both aerobic respiration and nitrification.  The 

rate of oxygen consumption does not change with an increase in nitrate in cores from 

either swamp or between the two swamps (Figure 5 a and b).  Organisms gain more 

energy using oxygen as an electron acceptor for respiration than from other electron 
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acceptors such as nitrate and sulfate (Jorgensen, 1980; Knowles, 1980).  As oxygen is the 

electron acceptor most readily used in respiration, its consumption would not be affected 

by changes in the availability of other electron acceptors (Jorgensen, 1980).  Thus 

increasing the concentration of nitrate in a system should not change the rate of aerobic 

respiration, which is supported by our results.   

During the control core incubations the concentration of nitrate increases due to 

the process of nitrification.  Nitrate may be consumed through direct denitrification.  

Ammonia is released through all processes of decomposition and is consumed during 

nitrification.  In the Devil’s Lane and Marconi control cores the amount of nitrification 

appears to exceed the amount of direct denitrification because the concentration of nitrate 

increases over time in both sets of cores (Figure 6 a and c).  In the Devil’s Lane control 

cores the concentration of ammonium, and total DIN, increase because the amount of 

ammonium released from the decomposition in the cores exceeds that used for 

nitrification (Figure 6 b and e).  The concentration of ammonium and total DIN in the 

control cores from the Marconi cores most likely decrease due to the release of N2 gas 

through coupled denitrification-nitrification (Figure 6 d and f and Figure 11). 

The rates of nitrate appearance were significantly faster in the Devil’s Lane 

control cores than the Marconi control cores, which do not agree with the results of the 

potential nitrification experiment (Figure 6 a and b and 13).  Actual nitrification at the 

Marconi core site may be lower than that at the Devil’s Lane core site because water in 

the headspace of the Marconi cores started at a higher nitrate concentration than the water 

in the headspace of the Devil’s Lane cores and nitrification is inhibited by nitrite 

(included in my analyses with nitrate) (Figure 6 a and b) (Jones and Hood, 1980).  Both 

cores ended the incubation at similar nitrate concentrations, 4.22+/-0.25µΜ for Devil’s 

Lane at the final time point and 4.23+/-0.09µΜ for the Marconi cores after 10 hours (The 

Marconi cores only increased to 4.28+/-0.04µΜ in the last 11 hours of the incubation so 

this data point was left out of the rate calculation) (Figure 6 a and b).  It is possible that 

actual nitrification rates in the two cores only increase the concentration of nitrate to 

about 4.25µM, before the nitrate is used in denitrification. 

Nitrate concentrations in the spiked Devil’s Lane and Marconi cores decrease due 

to direct denitrification (Figure 7 a and c).  The concentration of ammonium most likely 
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decreases in the Devil’s Lane spiked cores and the Marconi 20µM nitrate core due to 

high amounts of coupled nitrification-denitrification (Figure 7 b and d).  Coupled 

nitrification-denitrification would reduce concentrations of ammonium as ammonium is 

converted to N2 gas by this process (Seitzinger and Giblin, 1996).  In the 50 and 150µM 

nitrate Marconi cores the concentration of ammonium most likely increases due to 

decomposition in the sediments.  The rate of direct denitrification (indicated by nitrate 

consumption) increases with the concentration of nitrate in the Devil’s Lane cores and the 

Marconi cores (without the 150µM core) (Figure 7).  This is as expected because 

denitrification is correlated with the concentration of nitrate (Seitzinger, 1988).  I omitted 

the 150µM Marconi core from this analysis because it did appear to fit the trend in data 

as it showed a lower rate of direct denitrification than the 50µM Marconi core (Figure 

7b).  The rate of direct denitrification appears to increase faster with the nitrate 

concentration in the Marconi cores than the Devil’s Lane cores, which could be because 

both the potential denitrification and nitrification rates from the slurry experiments 

appear to be higher at Marconi than at Devil’s Lane (Figure 7, 13, and 14).   

The C:N ratio of Devil’s Lane (28.5+/-0.91) and that of Marconi (39.6+/-0.43), are 

higher than the Redfield Ratio (6.625) (Figure 10).  The percent of organic carbon in the 

Marconi and Devil’s Lane cores is enough to maintain a low enough redox potential and 

supply a substrate sufficient for denitrification (Brinson et al, 1984).  It is as expected that 

the coupled nitrification-denitrification would be less for the CHN estimate than the 

Redfield ratio estimate because the C:N ratio of the cores is higher than the Redfield ratio 

of 6.625 (Figure 10).   

The Marconi spiked cores may have lower coupled nitrification-denitrification 

rates (Figure 11) because there is a higher concentration of nitrate in the surface water at 

the Marconi swamp (Kelsey, 1997) and higher potential nitrification rates (Figure 13) as 

nitrification is inhibited by nitrite (Jones and Hood, 1980).  The actual nitrification rates 

in the control cores were also significantly lower in the Marconi cores (Figure 6 a and b).  

Unlike the rate of coupled nitrification-denitrification in the spiked cores the rate of 

coupled nitrification-denitrification in the control cores appears to be higher in the 

Marconi cores than the Devil’s Lane cores (Figure 11).  The rate of coupled nitrification-

denitrification in the control cores follows the same trend as the actual denitrification in 
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the spiked cores, the potential denitrification, and the potential nitrification which all 

appear greater for Marconi than Devil’s Lane (Figure 7 a and b, 11, 13, and 14). 

The nitrate concentrations in the potential nitrification slurry experiment 

decreased between the last two time points most likely because the slurries went anoxic 

after several days.  The oxygen in the headspace must not have been sufficient for the 

length of the incubation.  The center of Devil’s Lane remains permanently flooded, while 

the edge of the Devil’s Lane swamp and the entire Marconi Swamp are only seasonally 

flooded.  This could mean that peat in the center of Devil’s Lane remains anoxic for most 

of the year while peat at the other sites are oxygenated for a greater part of the year, 

which would account for the lower potential nitrification rates at the center of Devil’s 

Lane (Figure 13).  Our results for dissolved oxygen support this as the two sites where we 

measured dissolved oxygen in Devil’s Lane are anoxic (dissolved oxygen less than 4 

mg/L).  Although only the difference between the center of Devil’s Lane and Marconi is 

significant, it is possible other relationships would be significant with more replicates.  

These results are opposite those of the actual nitrification in the control cores, which is 

lower in the Marconi cores (Figure 6 a and b and 13). 

Potential denitrification rates at both swamps increase with nitrate concentrations 

because direct denitrification usually increases with nitrate concentration (Seitzinger, 

1988) (Figure 14).  Potential denitrification rates may be higher at the Marconi swamp 

because the surface and ground water nitrate concentrations are higher here (Kelsey, 

1997) (Figure 14).  Potential denitrification may also be higher at the Marconi swamp 

because potential nitrification rates appear to be higher at the Marconi Swamp (Figure 13 

and 14).  The potential denitrification rates in the slurry experiment show the same trend 

as the rates of direct denitrification rates in the spiked cores (represented by nitrate 

consumption), which are greater in the Marconi cores (Figure 7 a and b and 14).  Our 

potential nitrification rate for the 10µM slurries (0.244 µmoles g-1 day-1 for Devil’s Lane 

and 0.361µmoles g-1 day-1) are below the range found by Muller et al. (1980) of 0.8-1.56 

µmoles g-1 day-1 for a Rubus chamaemorus spruce swamp (Figure 14).  Our 10µΜ nitrate 

slurries have higer Denitrification rates than those found by Muller et al (1980) for 

Sphagnum bogs (-0.005 to 0.026 µmoles g-1 day-1) (Figure 14). 
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The denitrification rate is most likely lower in Megan’s experiment than in the 

potential denitrification slurries because the nitrate was almost completely used at the 

time of sampling (Figure 14 and 15).  It is possible that the nitrate was used at a much 

higher rate due to the greater dry weight of peat used in he r experiment and remained at 

low levels for the end of the experiment.  At a rate of about 4µmoles g-1 day-1 

(approximately that found in the potential denitrification slurries), the 150µM nitrate 

would be used by 7g dry weight of sediment (the amount in Megan’s jars) after 

6.43hours.  

In a study conducted by Dierberg and Brezonik (1983) both the percentage of 

nitrogen input and the absolute amount used in denitrification were higher in a sewage-

enriched cypress dome than a natural dome (Figure 1).  In the natural cypress dome 61% 

of the reduced nitrate was denitrified, whereas in the dome receiving effluent, 75% of the 

reduced nitrate was denitrified (Dierberg and Brezonik, 1983).  As the water column was 

almost constantly anoxic in the sewage-enriched dome and the pH was low in the natural 

dome nitrification did not provide nitrate for denitrification in either dome (Dierberg and 

Brezonik, 1983).  In my experiment the potential nitrification and potential denitrification 

rates were higher in the control swamp than the impacted swamp, which is opposite the 

results from Dierberg and Brezonik (1983).  Also contrary to the results of Dierberg and 

Brezonik (1983), coupled nitrification-denitrification was an important part of the total 

denitrification in the control cores from the control swamp and the spiked cores from the 

impacted swamp. 

A study by Brinson et al (1984) in an alluvial floodplain swamp showed that after 

adding nutrients to the swamp all nitrate was used by denitrification and although 

ammonia adhering to cation exchange sites in the soils was nitrified when sediments were 

drier in the summer, nitrate did not accumulate, indicating denitrification is tightly 

coupled to nitrification in this system.  Our study also indicates that most of the nitrate 

entering the two swamps in precipitation is denitrified and that nitrification plays a role in 

those parts of the two swamps that are oxic for part of the year.  Morris (1991) found that 

although one swamp had high nitrogen loading for 50 years, the nitrification-

denitrification potential did not differ from a control swamp.  Unlike Morris (1991), in 
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our study we found that the nitrification and denitrification potentials to be significantly 

higher in our control site than in the impacted site. 

One source of error for this study is that all samples were collected during the 

month of November.  A possible future study would be to run the experiment during 

other seasons to compare rates at different times of the year.  Another possible future 

study would be to run more replicates of the spiked cores.  The spiked cores were run 

with water that had already been used for one core incubation, and although it was 

bubbled it was not as oxygenated as it was at the start of the first incubation.  Changing 

the water between incubations may have reduced the error in our experiment.   

It is unknown at what point the potential nitrification slurries went anoxic.  If they 

went anoxic before 111 hours the potential nitrification rates may be higher than my 

estimates.  To prevent this all of the centrifuge tubes should be opened at each sampling 

time to replace the air in the headspace.  It would be interesting to repeat the potential 

nitrification slurry experiment, opening the tubes at each sampling point, with more 

replicates to determine whether or not there are statistical differences between the center 

of Devil’s Lane and the edge of Devil’s Lane or Marconi. 

Although Devil’s Lane is the more impacted swamp in terms of septic tank 

leachate and it has higher surface water ammonium concentrations than Marconi, there 

are higher surface water nitrate concentrations at Marconi than Devil’s Lane.  This means 

that although impacted swamps may see higher ammonium concentrations, nitrate from 

septic tanks may not affect the swamps, as they are adapted to higher nitrate 

concentrations.  If nitrate concentrations are naturally higher in the pristine sites, possibly 

due to a shorter period of flooding, there may not be an effect of septic tank leachate on 

denitrification rates in the swamps.   

Direct denitrification was positively correlated with nitrate concentration in the 

cores from both sites and was higher at the control site than the impacted site.  This also 

suggests that septic tank runoff into the swamps is not affecting the denitrification rate at 

the swamps.  Actual coupled nitrification-denitrification was also higher in the cores 

from the control swamp, however potential coupled nitrification-denitrification was lower 

in the control swamp cores.  Low pH does not appear to inhibit nitrification at either 

swamp.  The rates of potential nitrification and denitrification were higher at the control 
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swamp than the impacted swamp, possibly due to higher surface water nitrate 

concentrations.  Permanent flooding, causing anoxic conditions in the sediment 

throughout most of the year, does appear to decrease the potential nitrification rate in the 

impacted swamp.  However, there do not appear to be effects of septic tank leachate on 

the surface water nitrate concentrations, the actual or potential denitrification rates, or the 

potential nitrification rates.  Atlantic white cedar wetlands may therefore be useful as 

wastewater treatment wetlands to remove nitrate from wastewater, if the sediments are 

flooded for only part of the year. 
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Table 1:  Tukey’s LSD test for differences between the four sites  

in the potential nitrification experiment 
 

Comparison    p value 
Devil’s Lane Edge to Devils Lane Center  0.261 
Devil’s Lane Edge to Marconi Edge   0.128 
Marconi Edge to Marconi Center   0.639 
Marconi Center to Devil’s Lane Center  0.026 
Marconi Center to Devil’s Lane Edge   0.169 
 
Table 2:  Comparison of coupled nitrification-denitrification rates calculated with the 
Redfield ratio and the C:N ratios of the cores for all four of the core incubations. 
 

Comparison         Test   df t value   p value 
Marconi spiked cores   paired t-test  2   6.614  0.022 
Devil’s Lane spiked cores  paired t-test  2 14.506  0.005 
Marconi control cores   t-test   4   1.036  0.035 
Devil’s Lane control cores  t-test   4   3.129  0.359 
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Figure 1:   
The surface water nitrate concentrations at the center and edge of Devil’s Lane and 
Cumloden and at the two core sites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:   
The surface water ammonium concentrations at the center and edge of Devil’s 
Lane and Cumloden 
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Figure 3:    
The nitrate and ammonium concentrations from the core sites.  The Devil’s Lane 
data is for surface water and the Marconi data is for pore water.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:   
The percent of carbon in the cores, percent of nitrogen in the cores and the carbon 
to nitrogen ratio of the cores from Marconi and Devil’s Lane 
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Figure 5:   
The oxygen concentrations in the headspace of the Devil's Lane and Marconi 
Cores throughout the incubations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane Control Cores  c) Marconi Control Cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Devil's Lane Spiked Cores  d) Marconi Spiked Cores 
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Figure 6:   
The rate of oxygen consumption in relation to nitrate concentration in the Devil's 
Lane and Marconi cores throughout the incubations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Marconi cores 
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Figure 7:  The nitrate, ammonium, and DIN concentrations over time in the 
Devil's Lane and Marconi control cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane Core Nitrate   b) Marconi Core Nitrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Devil's Lane Core Ammonium   d) Marconi Core Ammonium 
 
 
 
 
 
 
 
 
 
 
 
 
e) Devil's Lane Core DIN    f) Marconi Core DIN 
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Figure 8:   
The nitrate and ammonium concentrations over time in the 20µM, 50µM, and 
150µM nitrate Devil's Lane and Marconi control cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane Core Nitrate   b) Marconi Core Nitrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Devil's Lane Core Ammonium   d) Marconi Core Ammonium 
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Figure 9:   
The rate of nitrate appearance in relation to nitrate concentration in the Devil's 
Lane and Marconi cores throughout the two incubations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Marconi cores (The blue trendline is that will all four points and the black 
trendline is the trendline using only the first three data points) 
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Figure 10:   
The rate of ammonium appearance in relation to nitrate concentration in the 
Devil's Lane and Marconi Cores throughout the two incubations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Devil's Lane cores 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Marconi cores 
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Figure 11:   
The coupled nitrification-denitrification rates in the control and spiked cores from 
both swamps.  The rates are calculated using both the Redfield ratio and the C:N 
ratio of the sediment in the cores. 
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Figure 12:   
Nitrate appearance over time in the potential nitrification slurry experiment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) A representative graph of the change in nitrate concentration.  This data is from 
Devil's Lane Edge 2. 
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Figure 13:   
The potential nitrification rates at the two Atlantic white cedar swamps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14:   
The potential denitrification rates at the two Atlantic white cedar  swamps. 
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Figure 15:   
The potential denitrification rates calculated for Megan Hartmann’s experiment 
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