
Nitrogen retention in freshwater ecosystems

by

DarIa L. Saunders

Department of Biology

MeGiIl University

Montreal, Quebec

Canada

March,2000

A thesis submitted to the Faculty ofGraduate Studies and Research in partial

fulfillment of the requirements for the MasterofScience

©Darla L. Saunders, 2000



1+1 National L1brary
of Canada

Acquisitions and
Bibliographie Services
39S Wellington Street
Ottawa ON Kl A ON4
canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques
395, rue Wellington
Ottawa ON K1A ON4
Canada

The author has granted a non­
exclusive licence allowing the
National Library ofCanada to
reproduce, loan, distribute or sell
copies ofthis thesis in microform,
paper or electronic formats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-64444-8

Canada



•

Thesis Abstract

Given the prominent role of nitrogen in the eutrophication of aquatic systems, recent

increases in nitrogen loading to freshwaters are ofconcem. A comparison of nitrogen

retention in freshwaters in North America and Europe shows that wetlands retain the

greatest proportion oftheir nitrogen load, followed by lakes and then rivers. A

comparison of the relative importance ofnitrogen retention mechanisms found

denitrification to be responsible for the greatest proportion followed by nitrogen

sedimentation and then uptake by aquatic plants. A more in-depth examination of

denitrification in the littoral sediments of Lake Memphremagog in Quebec, using the

N2 flux technique, found an average denitrification rate of III J,lmol N m·2 hol
•

Denitrification rates were positively related to the % organic matter of the sediment,

temperalure and macrophyte biomass density and negatively related to depth. These

results, in combination with a review ofthe literature indicate that denitrification rates

are higher in littoral than profimdal sediments.
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Résumé de Thèse

Étant donné le rôle proéminent de l'azote dans l'eutrophisation des systèms

aquatiques, l'augmentation récente de la charge d'azote qui entre dans l'eau douce est

inquiétante. Une comparaison de la retention annuelle d'azote dans les eaux douces

d'Amérique du Nord et d'Éurope dèmontre que les milieux humides retiennent la

proportion la importante de leur charge d'azote, étant suivie par les lacs et les rivères,

respectivement. Une comparaison de la contribution relative des méchanismes de

retention d'azote a démontré que la dénitrification était la plus importante, étant suivie

par la sédimentation et l'entreposage par les plantes aquatiques, respectivement. Une

analyse plus intensive de la dénitrification des sédiments littoraux du Lac

Memphrèmagog au Québec, en utilisant la technique de flux du N2, a permis de

trouver un taux moyen de dénitrification de III flmol N m'2 hol
• Le taux de

dénitrification était en relation positive avec le pourcentage de matière organique

dans les sédiments, la temperature et la densité de la biomasse des macrophytes, et en

relation négative avec la profondeur. Ces résultats, en combinaison avec une revue

de la littérature, indiquent que les taux de dénitrification sont élevés dans les

sédiments littoraux comparativement aux sédments profonds.
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Preface

The Faculty ofGraduate Studies and Research of McGill University requires that the

following text be reprodl:c.ed in full in the preface.

Candidates have the option of including, as part of the thesis, the
text of one or morepapers submitted, or to be submitted, for
publication, or the c1early-duplicated text ofone or more published
papers. These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical
bridges between the different papers are mandatory. The thesis
must be written in such a way that it is more than a mere collection
ofmanuscripts; in other words, results of a series ofpapers must be
integrated.

The thesis must still conform to ail other requirements of the
"Guideline for Thesis Preparation". The thesis must include: A
Table ofContents, an abstract in English and French, an
introduction which c1early states the rational and objectives ofthe
study, a comprehensive review of the Iiterature, a final conclusion
and summary, and a thorough bibliography or reference Iist.

Additional material must be provided where appropriate (e.g. in
appendices) and in sufficient detail to a1low a clear and precise
judgement to be made of the importance and originality ofthe
research reported in the thesis.

ln the case ofmanuscripts co-authored by the candidate and others,
the candidate is required to make an explicit statement in the thesis
as to who contributed to such work and to what extent.
Supervisors must attest to the accuracy ofsuch statements at the
doctoral oral defense. Since the task of the examiners is made
more difficult in these cases, it is in the candidate's interest to
make perfectly clear the responsibilities ofail the authors of the
co-authored papers.
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General Introduction

Nitrogen is one of the world's most abundant elements and as a main

constituent ofprotein and genetic material, it is essential to alllife. Ils abundance is in

sorne ways misleading, however, in that the vast majority ofnitrogen is biologically

unavailable. Atmospheric N2 is by far the largest pool ofglobal nitrogen yet it

remains unavailable to most organisms except for those prokaryotes capable of

nitrogen fixation (Howarth et al., 1988). This paradox ofscarcity despite abundance

has led many scientists to study nitrogen dynamics in terrestrial, marine and freshwater

ecosystems. Limnologists, in particular, have examined the role of nitrogen and

phosphorus as limiting nutrients to primary production in ITeshwater systems (Elser et

al., 1990; Downing and McCauley, 1992).

ln the last century, humans have approximately doubled the transfer of

nitrogen ITom atmospheric to biologically available pools (Vitousek et al., 1997). This

dramatic increase is the direct result offossil fuel combustion, cullivation ofnitrogen­

fixing crops and agricultural fertilization. Because many ecosystems have evolved

under nitrogen limited conditions, a sudden increase in the amount ofbiologically

available nitrogen has the potential to bring about profound changes. For example,

increased nitrogen inputs have been observed to cause shifts in plant and algal species

composition, increases in productivity, changes in foodweb structure, and anoxic

conditions in aquatic systems (as reviewed by Seitzinger and Kroeze, 1998).

Freshwater systems are subject to increased supplies ofnitrogen not only from

direct inputs but also ITom terrestrial runoff. Il is currently estimated that 20% of the

nitrogen applied to watersheds by humans enters adjacent ITeshwater systems (Moffat,

1998). Total nitrogen fluxes in riverine systems are thought to have increased ITom

pre-industrial times by 2- to 20-fold (Howarth et al., 1996). Increased loading of

nitrogen to ITeshwaters is ofparticular concem for several reasons. Ecosystem

alterations such as changes in community productivity or composition may occur as a

result of elevated nitrogen concentrations. Increased nitrogen loads may also

contribute to the acidification ofITeshwater, directly through nitric acid deposition and

also indirectly where biological uptake ofammonium produces hydrogen ions
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(Vitousek et al., 1997). Finally, the prominent role ofnitrogen in the eutrophication of

freshwater systems is cause for concern (Elser et al., 1990; Downing and McCauley,

1992; Jansson et al., 1994; Moffat, 1998).

Despite increasing nitrogen loads, local and downstream concentrations of

nitrogen are somewhat reduced in freshwaters by natural retention mechanisms.

Nitrogen retention is rnost simply defined as the difference between the amount of

nitrogen carried in the inflow and the outflow of a water body. Nitrogen retention,

therefore, refers to the nitrogen removed from the water column as it passes through a

wetland, lake or river. Three processes contribute to nitrogen retention in freshwaters:

denitrification, nitrogen sedimentation and uptake by aquatic plants. Denitrification

occurs when facultative anaerobic bacteria use nitrate (NO)') or nitrite (N02') as

terminal electron acceptors in the oxidation of organic matter, thereby producing N2 or

N20 gas (Knowles, 1982). In this process, nitrogen is removed from the water body

through its release into the atmosphere. Nitrogen sedimentation occurs when

particulate matter containing nitrogen becomes incorporated into the sediment.

Nitrogen can also be removed from the water column through uptake by aquatic

plants. This form ofnitrogen retention is seasonal however, as plants re-release

nitrogen back into the water column at the end of the growing season (Mitsch and

Gosselink, 1986).

Nitrogen retention has been studied in numerous freshwater systems (e.g.

Andersen, 1974; Knight et al., 1993; Jansson et al., 1994; Mengis et al., 1997). The

capacity offreshwaters to retain nitrogen is important for two reasons. First, patterns

ofnitrogen retention provide some indication ofhow freshwaters are responding to

increased nitrogen inputs. Secondly, freshwater systems often act as buffers between

terrestrial and marine systems. This means that they have the potential to reduce

nitrogen fluxes to coastal environments which are particularly sensitive to nitrogen

eutrophication (Jansson et al., 1994).

ln general, researchers have found that nitrogen retention increases with

nitrogen loading (Jensen et al., 1990; Gale et al., 1993; WindoIfet al., 1996). There

are indications, however, that retention efficiency (% ofinput retained) decreases with

very large increases in nitrogen loading (e.g. Nichols, 1983). Reduced retention
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efficiency may due to the higher hydraulic loads typically associated with large

increases in nitrogen loading (Nichols, 1983). Increased hydraulic loads cause shorter

water residence times and therefore allow legs time for nitrogen removal mechanisms

to occur.

The observed relationship between hydraulic loading and nitrogen retention

efficiency suggests that freshwater systems with different water flow characteristics

have different nitrogen retention capacities. River systems typically flush much more

rapidly than do either wetlands or lakes (Ryder and Pesenddorfer, 1989; Mitsch and

GosseIink, 1986). Wetlands are characteristically shallow ecosystems, with higher

sediment to water ratios than in lakes or rivers (MilsCh and Gosselink, 1986). Despite

these recognized differences, there have been no comparisons of the magnitude of

nitrogen retention and ils component mechanisms among freshwater ecosystems.

Denitrification is typically considered to be the most important mechanism of

nitrogen retention in freshwaters (Seitzinger, 1988; Jansson et al., 1994). Il is the most

complete form ofremoval in that nitrogen is actually eliminated from the water body

and released into the atmosphere. In addition to their role in the nitrogen cycle of

aquatic systems, denitrifying bacteria play an important role in the carbon cycle by

oxidizing organic matter (Andersen, 1977; Christensen et al., 1990). By reducing

atmospheric deposits ofnitric acid, denitrifiers can also buffer against lake

acidification (Rudd et al., 1990).

Denitrification can be measured in a variety ofways including mass balance

modeIing, acetylene inhibition, (SN technique and N2 flux (Christensen and S0rensen,

1986; Seitzinger et al., 1993; van Luijn et al., 1996). In the mass balance method,

denitrification is determined by difference. Extemal inputs ofnitrogen from streams,

watershed ronoIT, precipitation and, occasionally, nitrogen fixation and groundwater,

are quantified, as is the removal ofnitrogen through outflow and burial in the sediment

(Messer and Brezonik, 1983; Seitzinger, 1988). These Iwo terms, input and output,

are then subtracted to calculate an average denitrification rate for the whole system.

The other techniques used to measure sediment denitrification do so directly by

analyzing sediment cores. Both the acetylene inhibition method and the ISN technique

use acetylene or ISN, to label the products ofdenitrification (Christensen and
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Serensen, 1986; Seitzinger, 1988). This labeling process pcnnits N2 produced by

denitrifiers to be differentiated from atmospheric N2gas. Both techniques, however,

routinely underestimate denitrification rates (Seitzinger et al., 1993). The N2 flux

technique is the Most accurate technique available for measuring denitrification

because it requires the least deviation from in situ conditions (Nielsen, 1992;

Seitzinger et al., 1993; van Luijn et al., 1996). In this method sediment cores are

incubated in an environment free ofatmospheric N2 gas thereby pennitting N2

produced by denitrification to be identified.

Direct measurement techniques, such as N2 flux, have several advantages

compared to the mass balance approach. Mass balance modeling is best suited to

whole systems comparisons and considerable error May be associated with each

estimation ofthe input and output tenns (Seitzinger, 1988). Direct measurement

techniques, on the other hand, pennit site specific analysis. This means that site

specific environmental variables May be measured and tested for their relationship to

denitrification rates. In addition, denitrification rates in different areas of a water

body, such as the productive littoral zone, can be determined.

The littoral zone is ofparticular interest to limnologists for a number of

reasons. It is in the shal1ow, shoreline region of lakes that macrophyte beds are found.

Macrophytes communities affect a wide range ofabiotic factors, including

temperature, water flow, nutrient fluxes and sedimentation rates, and also affect biotic

interactions (Carpenter and Lodge, 1986; Benoy and Kalff, 1999). The

disproportionately high metabolic rates of littoral sediments (den Heyer and Kalff,

1998) point to higher denitrification rates in this zone. This hypothesis is supported by

data showing that denitrification rates are higher in vegetated than in unvegetated

sediments (e.g. Christensen and S0rensen, 1986; OIsen and Andersen, 1994).

However, a study of the nature of the relationship between macrophytes and

denitrification is lacking. Further study ofdenitrification in the littoral zone of

freshwater lakes would help to claritY the role of littoral sediments in whole-Iakc

nitrogen fluxes.

The aim ofthis thesis is to answer several questions related to nitrogen

dynamics in freshwater systems. In Chapter l, 1hypothesize that nitrogen retention in
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freshwater systems is a predictable fraction of the total nitrogen load. To test this

notion, 1compile a data set of nitrogen retention in freshwater systems in North

America and Europe from the Iiterature. 1then compare differences in nitrogen

retention among three types offreshwater ecosystem: wetlands, lakes and rivers.

also assess the relative importance ofdifferent nitrogen retention mechanisms

(denitrification, nitrogen sedimentation and uptake by aquatic plants) in these systems.

ln Chapter 2, 1hypothesize that sediment denitrification rates can be predicted using

macrophyte and sediment characteristics. 1also hypothesize that littoral sediments

make a disproportionate contribution to whole lake denitrification. To test these

predictions, 1measure sediment denitrification rates in the littoral zone ofLake

Memphremagog in Quebec, Canada. 1examine the relationship ofaquatic plant

communities and sediment characteristics to denitrification. 1also use these findings

in combination with data colIected from the Iiterature to make predications about the

relative contribution ofdenitrification in littoral and profundal sediments.
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Chapte.ol.

Nitrogen retention in wetlands, lakes and rivers
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Abstract

. As human activities continue to alter the global nitrogen cycle, the ability to

predict the impact of increased nitrogen loading to freshwater systems is becoming

more and more important. Nitrogen retention is of particular interest because it is

through its combined processes (denitrification, nitrogen sedimentation and uptake by

aquatic plants) that local and downstream nitrogen concentrations are reduced. Here

we compare the magnitude ofnitrogen retention and ils components in wetlands, lakes

and rivers. We show that wetlands relain the highest proportion of total nitrogen

loading, followed by lakes and then rivers. The differences in the proportion ofN

retained among systems is explained almost entirely by differences in water discharge.

Denitrification is the primary mechanism ofnitrogen retention, followed by nitrogen

sedimentation and uptake by aquatic plants.
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Introduction

During the last century human activities have dramatically changed the global

nitrogen (N) cycle. Practices such as agricultural fertilization, fossi! fuel combustion

and the clearing and conversion ofland have dramatically increased the supply of

nitrogen to freshwaters (Jansson et al., 1994a; Vitousek et al., 1997; Moffat, 1998).

Elevated concentrations ofnitrogen in freshwater are of concem for several reasons.

Nitrogen plays a prominent role in the eutrophication ofaquatic systems (Moffat,

1998). Increasing nitrate (NOn concentrations are ofparticular concem because of

associated human health risks (Focht and Verstraete, 1977). Finally, nitrate is known

to contribute to lake acidification (Kelly et al., 1990). Given the negative impact of

increasing nitrogen loads, the mechanisms by which freshwater systems can reduce

local and downstream nitrogen concentrations are becoming increasingly important.

Nitrogen retention is the difference between N inputs and N outputs to a given

freshwater system. Three processes contribute to nitrogen retention: denitrification,

sedimentation and uptake by aquatic plants. Denitrification is the process whereby

facultative anaerobic bacteria produce N2 or N20 gas by using nitrate (NOn or nitrite

(N02") as terminal electron acceptors (Knowles, 1982). DenitrifYing bacteria release

N2 into the atrnosphere thereby permanentIy removing it from aquatic systems.

Nitrogen is also retained when particulate matter becomes incorporated into the

sediment. LastIy, macrophytes influence nitrogen cycling by taking up and storing

nitrogen in their shoots and roots during the growing season (Hill, 1986).

It has been weil established that nitrogen retention increases with nitrogen

loading in aquatic systems (Jensen et al., 1990; Gale et al., 1993; Jansson et al., 1994a;

Windolfet al., 199~). A study by Fleischer and Stibe (1991) found that nitrogen

loading was an excellent predictor (r = 0.94, p<0.05, n=50) ofnitrogen retention in

lakes, rivers and wetlands in Europe. Differences in this relationship among these

three types ofwaterbodies have, however, been largely unexplored. By identifying

which systems retain nitrogen most efficiently, management strategies can utilize

natural retention capacities more effectively (Jansson et al., 1994a). For example,
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wetlands are increasingly being used to protcct aquatic systems against N·rich

wastewaters (Milsch and Gosselink, 1986).

A comparison of the components of nitrogen retention also has the potential to

yield predictions useful for lake management. Denitrification is particularly important

as il results in a permanent removal ofnitrogen from freshwater. The relative

importance of this mechanism, therefore, will determine whether observed nitrogen

retention is a long term or seasonal sink.

To address these issues, we examine differences in nitrogen retention among

wetlands,lakes and rivers. We further assess the mechanisms ofnitrogen retention

and their relative importance. Finally, we relate these findings to their impact on

ecosystem processes.

Methods

Ni/rogell relelllioll

Total nitrogen (TN) retention and loading data were compiled from the

Iiterature for 23 wetlands, 23 lakes and 5 rivers in North America and Europe (Table

1·1). Al1 data were taken from mass balance studies in which nitrogen retention was

calculated by subtracting total nitrogen (TN) outputs (g m'2 y.l) from TN inputs (g m·2

y"). Due to the characteristically high water discharge rates (m3 s") ofrivers, the

nitrogen loads ofthese systems were dramatical1y higher than those ofwetlands and

lakes. To facilitate comparison a.'I1ong systems, nitrogen load and retention were

standardized by dividing by the water discharge. Discharge data were not available

for seven sites (Table 1·1).

CompOllellls ofN relelllioll

To determine the importance ofdenitrification relative to nitrogen

sedimentation and uptake by aquatic plants, we analyze data from TN mass balance

studies of lakes in Europe and North America (Table 1-2). Lakes were the only water

bodies for which both sedimentation and dcnitrification rates werc readily available.
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Results

Nitrogen re/en/ion

Total nitrogen loading is an excellent predictor ofTN retention for wetlands

and lakes (Table 1-3, Figure 1-1). An ANCOVA showed that, on average, wetlands

retain approximately twice as much TN as lakes for a given N load (p<O.OO 1). The

relationship between TN loading and retention was not significant for nvers (Table 3),

presumably because the large differences among their discharge results in a highly

variable TN loading and water residence time. Regression analysis indicates that, on

average, wetlands retain 64% of the TN 10ading,Iakes 34% and rivers 2%. Average

water discharge was 0.1 m3
S·I, 0.7 m3 S-I and 18.6 m3 S·I in wetlands, lakes and rivers

respectively. ANCOVA shows that after standardization to water discharge, the

relationship between TN loading and retention is extremely strong (Table 1-3, Figure

1-2). Furthermore, there is no longer a significant difference among wetlands, lakes

and rivers in the proportion ofN retained (Figure 1-2).

Componen/s ofN re/ention

Denitrification was twice as effective as nitrogen sedimentation in preventing

nitrogen trom being exported downstream (paired ANOVA, p<O.OOS) (Table 1-3,

Figure 1-3). Denitrification accounted for an average 63% of the TN retention, while

sedimentation was responsible for 37%.

Discussion

N re/ention

For a given TN load, wetlands retain almost twice the amount ofnitrogen as

lakes (Table 1-3, Figure 1-1). In general, the proportion ofN retained by rivers is

minimal. Once differences in water discharge have been taken into consideration,

however, there are no longer significant differences in the nitrogen retention capacities

ofwetlands,lakes and rivers (Figure 1-2).

The principle reason why water discharge affects the percentage ofnitrogen

loading retained is that discharge serves as surrogate measure for water residence time.
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Water residence time (or renewal rate) is defined here as the ratio of discharge to

volume of the system (Mitsch and Gosselink, 1986). The greater the discharge, the

shorter the time it willtake for a water body to completely flush (Abrahamsson and

Hâkanson, 1998). Lower discharge rates and longer water residence times provide

greater opportunities for sediment-water contact, thereby promoting retention

processes such denitrification and sedimentation (Nichols, 1983; Svendsen and

Kronvang, 1993; Hammer and Knight, 1994; Windolf et al., 1996; Sand-Jensen,

1998). Increased water residence times in wetlands are due, in part, to the dense

stands of aquatic plants that characterize these ecosystems (Brix, 1997; Eriksson and

Weisner, 1997; Benoy and Kalff, 1999). Aquatic plants increase nitrogen retention

through vegetative uptake and provide favorable conditions for sedimentation and

denitrification (Reddy et al., 1989; Brix, 1997; Benoy and Kalff, 1999). The

importance ofwater residence time to nitrogen retention is supported by the strong,

positive relationship observed belWeen the two variables in Danish lakes (~=0.79,

p<O.OS, n=16)(Windolfet al, 1996).

Nitrogen retention in freshwater has a significant impact on ecosystem

processes and the importance ofnitrogen $ a limiting nutrient in aquatic systems is

increasingly recognized (Elser et al., 1990; Downing and McCauley, 1992). Low N:P

loading ratios are characteristic ofwaste-water and runofffrom disturbed catchments

(Nichols, 1983; Downing and McCauley, 1992). The receiving waters, therefore, are

more likely to be nitrogen limited. Nutrient rich systems characterized by nitrogen

limitation commonly have noxious blooms ofblue-green algae, resulting in fish kills,

beach closures, and increased water treatrnent costs (Downing and McCauley, 1992;

Findlay et al., 1994). While the amount ofN relative to P (N:P ratio) is particularly

low in wastewater and in runoff from disturbed catchments, absolute loads

(g N m'2 y.l) are higher. Given that N retention increases with N loading, N:P ratios

will decrease, further increasing the possibility ofnitrogen-fixing cyanobacterial

blooms in eutrophic freshwaters (Downing and McCauley, 1992).

Components ofN retention

ln the lakes examined, denitrification was the primary mechanism (63%) of
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nitrogen retention (Figure 1-3). A review of69 shallow, Danish lakes similarly found

denitrification to account for the majority (77%) ofTN removal (Jensen et al, 1990).

Available evidence from other freshwaters supports the conclusion that denitrification

is the primary mechanism by which N is removed. Denitrification has been observed

to be an order ofmagnitude larger than sedimentation in both experimental and natural

wetlands (Brinson et al., 1984; Van Oostrom, 1995). In the Danish River, Gjem Â,

denitrification was calculated to exceed sedimentation on an annual basis by a factor

of2to 3 (Svendsen and Kronvang, 1993). In general, the proportion ofTN retention

accounted for by denitrification in rivers must be higher than in lakes. River

turbulence is sufficiently high that typically Iittie or no sediment accumulates relative

to wetlands and lakes (Ryder and Pesendorfer, 1989). Furthermore, in agricultural

areas rivers tend to receive higher proportions oftheir TN loading as nitrate, which is

not subject to significant sedimentation (Jansson et al., 1994a).

The importance ofdenitrification in freshwaters has implications beyond the

process ofnitrogen retention. Denitrifying bacteria play an important role in the

carbon cycle of aquatic systems by oxidizing organic matter. Wherever NOJ- is

present in concentrations similar to those ofdissolved oxygen, denitrification will

contribute significantly to the carbon minera1ization budget (Christensen el al., 1990;

Andersen, 1977). Up to 50% of the carbon mineralized in eutrophic freshwaters has

been attributed to denitrifier activity (Andersen et al., 1977). Denitrification can also

buffer against lake acidification by reducing nitric acid concentrations (Rudd et al.,

1990). With increasing nitric acid additions, denitrification rates have been observed

to increase dramatically, whereas other nitrogen retention processes remained the same

(Rudd et al., 1990).

Studies ofTN retention in freshwaters usually overlook uptake and retention

by aquatic plants. This has been justified by the assumption that macrophytes

represent a small and temporary nitrogen sink (Reddy and D'Angelo, 1994; Nichols,

1983). While studies calculating nitrogen retention in lakes do not normally take

macrophytes into account, TN budgets ofwetlands and rivers occasionally do. Such

studies provide important information as to the relative importance ofvegetative

uptake as a retention mechanism. Removal by denitrification (3.0-3.3 g N m-2 dol) was
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far greater than either sedimentation (0.16-0.27 g N m'2 d' I) or plant uptake (0.19-0.33

g N m'2 d· l ) in three experimental New Zealand wetlands (Van Oostrom, 1995). In a

natural floodplain swamp, uptake ofnitrogen by vegetation (.3 g m'2 d· l
) was small in

comparison with retentionby denitrification (1.3 g m'2 d· l
) and sedimentation (.6 g m'2

d· l
) (Brinson et al., 1984). In rivers, the relative importance ofvegetative uptake also

appears to be small. Macrophyte uptake was calculated to be an order ofmagnitude

lower than other nitrogen retention processes in a lowland Danish river (Svendsen and

Kronvang, 1993). Uptake of nitrogen by benthic algae and macrophytes accounted for

only 15% of nitrate removal from Duffin Creek, Ontario (Hill, 1979). Researchers

studying nitrogen dynamics in a New Zealand stream in conc1uded that, in the long­

term, stream channel vegetation acted primarily to modifY nitrogen export rather than

retain it (Cooper and Cooke, 1984). It is evident that while the importance of

vegetative assimilation varies, it tends to be minor compared to other nitrogen

retention processes.

Despite the relatively small contribution of macrophyte uptake as a nitrogen

retention mechanism, aquatic plants also affect nitrogen cycling indirectly. By

retaining N during the growing season, aquatic plants can influence the growth of

phytoplankton by sequestering nitrogen during the period when it is in highest

demand. Nutrient assimilation by macrophytes also affects sedimentation rates by

contributing particulate matter to sediments during their senescence (Hill, 1986).

Aquatic plants increase sedimentation rates by decreasing water velocity and

increasing water retention time (Brix, 1997; Eriksson and Weisner, 1997; Sand-Jensen,

1998; Benoy and Kalff, 1999). Finally, macrophytes create an ideal environment for

denitrification by increasing the supply ofpotentially rate-limiting organic carbon and

nitrate to denitrifYing bacteria (Reddy et al., 1989; Weisner et al., 1994; Brix, 1997).

The presence ofaquatic plants, therefore, has a significant indirect impact on nitrogen

retention in rivers, lakes and wetlands.
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Conclusion

As nitrogen loading to freshwater systems increases as a result ofhuman

activities, the ability to predict the resulting impact is becoming more and more

important. Wetlands retain the highest proportion of total nitrogen loading, followed

by lakes and then distantly, by rivers. The observed differences in retention capacity

are explained almost entirely by differences in water discharge. The low retention

capacities of rivers are ofparticular concem, because these systems are often subject to

high nitrogen loading from agricultural drainage basins and point source loading from

urban areas. This also allows them to serve as major sources of nitrogen to

downstream lakes and wetlands. The problem has surely been exacerbated by the

canalization of rivers and the draining of wetlands for agricultural and other purposes.

These activities prevent wetlands from serving as major sites ofdenitrification.

Our findings show that denitrification is the principal mechanism ofnitrogen

retention. The majority of nitrogen retained in freshwaters, therefore, will be

permanently removed through release ofNz into the atmosphere. Although nitrogen

sedimentation and uptake by aquatic plants are responsible for a smaller proportion of

N retention, these processes significantly contribute, both directly and indirectly, to

nitrogen cycling in freshwaters.
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Table 1-1: Sources of tolal nitrogen loading and retenlion dala (Figures 1 and 2).
* indicates that water discharge data was not available.

Site Location Source
Molot and Dillon, 1993

•

Lakes Blue Chalk
Chub
Crosson
Dickie
Harp
Plastic
RedChalk

*Okeechobee
Bryup Langsa
Kvind
Kul
Salten Lang
Halle
Sligsholm
Kvie
Sabygàrd
Vallentuna
Norrviken

*Hallwilersee
* Pfliffikersee
* Kinneret

Baldegg
Zugg

Canada
Canada
Canada
Canada
Canada
Canada
Canada
USA Messer and Brezonik, 1983
Denmark Andersen, 1974
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark OIsen and Andersen, 1994
Denmark Jensen et al., 1992
Sweden Ahlgren el al., 1994
Sweden "
Switzerland Vollenweider, 1971
Switzerland
Israel Smith el al., 1989
Switzerland Mengis et al., 1997
Switzerland "
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Table 1-1: Continued. Sources of total nitrogen loading and retention data (Figures 1
and 2). • indicates that water discharge data was not available.

Site Location Source
Wetlands Harp 4-Beaver pond Canada Devito ct al., 1989

Plastic-Conifer Canada
swamp
Paint -Sedge fen Canada
Clermont Plot L USA Knight ct al., 1993
Clermont Plot M USA
Clermont Plot H USA
Pottsburg Creek USA
Eastern Service Areal USA
Cypress Domes USA
Reedy Creek WTS1 USA
Reedy Creek OFWTS USA
Ironbridge USA
Boot USA
Apalachicola USA
BoggyGut USA
Central Slough USA
BearBay USA

• Hurtsboro USA
Hamilton USA

• Marcell Forest Bog USA Verry and Timmons, 1982
• Tarr River Floodplain USA Brinson et al., 1984
• Rabis Baek Riparian Denmark D0I'ge, 1994

Zone
• Syvbaek Denmark

Rivers GjemRiver Denmark Svendsen and Kronvang, 1993
Swifi's Brook Canada Kaushik et al., 1975
RiverRaan Sweden Jansson, 1994b
Potomac River USA Seitzinger, 1986
Great Ouse England Owens et al., 1972
River Trent England
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Table 1-2: Sources ofdenitrification and nitrogen sedimentation data (Figure 3).

•

Lake
BlueChalk
Chub
Crosson
Dickie
Harp
Plastic
Red Ch~lk

Okeechobee
Bryup Lang
Kvind
Kul
Salten Lang
Halle
Stigsholm
Kvie
Sllbygârd
Vallentuna
Norrviken
Aegerisee
Hallwilersee
Kinneret
Baldegg
Zugg

Location
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Florida
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Sweden
Sweden
Switzer1and
Switzerland
Israel
Switzer1and
Switzer1and

Source
Mo1ot and Dillon, 1993

Messer and Brezonik, 1983
Andersen, 1974

"

Olsen and Andersen, 1994
Jensen et al., 1992
Ahlgren et al., 1994

Vollenweider, 1971

Smith et al., 1989
Mengis et al., 1997

"
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Table 1-3: Regression equations describing the relationship between nitrogen
retention (x) and load (y) in wetlands, lakes and rivers.

N Regression equation ? SEE p
Wetlands 23 y - 0.42 + 0.64x 0.82 13.8 <0.001
Lakes 23 y =2.53 + 0.34x 0.80 8.3 <0.001
Rivers 5 y = 145.6 + 0.02x 0.\0 206.0 >0.050
Wetlands,lakes 43 y =(1 O( 1.00 (log (x 1 walcr discharge))-G.l9))/(water 0.92 0.4 <0.001
and rivers discharge)
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Figure 1·1: Nitrogen retention as a function ofnitrogen loading in wetlands and lakes.
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Figure 1-2: Log nitrogen retention standardized for water diseharge as a funetion of
log nitrogen loading standardized for water diseharge in wetiands,lakes and rivers.
Dotted lines indicate the 95% confidence interval about the mean.
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Figure 1-3: Lake denitrifieation and nitrogen sedimentation as a function ofnitrogen
loading.
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Chapter2.

Sediment denitrification rates in Lake Memphremagog, Canada-USA•
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Abstract

Denitrification is the most important mechanism ofnitrogen retention in

aquatic systems. Research into the spatial variability ofsediment denitrification has

been relatively rare. Here, we use the N2 flux technique to measure sediment

denitrification rates at 19 littoral and 1 profundal site in Lake Memphremagog.

Littoral denitrification rates were high1y variable with an average rate of III flmol N

mo2 h-I. Littoral denitrification rates were positively related to temperature (r=O.66,

p<O.O 1), % organic matter (r=O.3I, p<O.OS) and macrophyte biomass density and

negatively related to depth. These results in combination with an analysis of the

Iiterature and a predictive model created from Iiterature data relating denitrification

rates to site depth show that the littoral zone dominates whole lake denitrification.
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Introduction

Denitrification plays a major role in the nitrogen (N) cycle of aquatic systems.

ln this process, facultative anaerobic bacteria transform nitrate or nitrite into nitrogen

gas which escapes into the atmosphere (Knowles, 1982). Because nitrogen and

phosphorus have the lowest supply: demand ratio of the nutrients found in freshwaters,

the removal ofnitrogen by denitrifiers can limit primary production (Seitzinger, 1988).

Furthermore, the ability ofdenitrifYing bacteria to reduce high levels of ambient N is

becoming increasingly important as N loads to freshwater increase due to human

activities.

Denitrification primarily occurs in the sediment (Seitzinger, 1988). Sediment

denitrification rates are highly variable both among systems (Seitzinger, 1988) and

over time within systems (e.g. Chrîstensen and Sllrensen, 1986; Olsen and Andersen,

1994; Ahlgren et al., 1994). Research into spatial variation within lakes is rare

(Messer and Brezonik, 1983; Ahlgren et al., 1994), with denitrification and other

sediment measurements largely restricted to the structurally less complex pelagic zone

rather than the littoral zone. Littoral sediments are particularly heterogeneous with

respect to numerous abiotic and biotic conditions (Lodge et al., 1988; den Heyer and

Kalff, 1998). While this patchiness in sediment structure and metabolism has

discouraged littoral zone research, it is likely to influence sediment denitrification

rates.

A number ofenvironmental factors have been shown to influence

denitrification and may therefore contribute to its spatial variation in freshwater

sediments. Bacterial activity is stimulated by an increase in water temperature (e.g.

Messer and Brezonik, 1983; van Luijn et al., 1999) and is disproportionately high in

warm littoral zones (den Heyer and Kalff, 1998). Both nitrate and organic matter

supply can be rate limiting for denitrifiers (Seitzinger, 1988). Sediment redox

potential has also been shown to affect denitrification rates, with higher rates in more

reduced sediments (van Kessel, 1977). In addition, denitrification rates are typica1ly

higher in vegetated than in unvegetated sediments (Chrîstensen and Sllrensen, 1986;
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Olsen and Andersen, 1994). Aquatic plants can serve as a direct source oforganic

carbon and as traps for particulate matter from the open water. Furthermore, plant

roots release oxygen into the sediment, thereby increasing the sediment redox potential

and creating more favorable conditions for nitrate production through nitrification

(Christensen and S"rensen, 1986; Ottosen et al., 1999).

The goal of the present study was to measure denitrification rates in the littoral

and profundal zone of a single lake and to test the hypothesis that denitrification rates

are a function ofplant and sediment conditions and decline with depth. To this end,

we measured sediment denitrification rates at 19 littoral and 1 profundal site in the

Quebec portion of Lake Memphremagog. Cores collected from an additional 6

profundal sites to compare with the littoral samples were lost due to a malfunction of

the refrigeration equipment. We chose to use the N2 flux not only because ofits

superior accuracy relative to other direct measurement techniques (Christensen and

S"rensen, 1986; Seitzinger et al., 1993; van Luijn et al., 1996) but also because it

requires the least deviation from in situ conditions. Examining numerous sites in the

littoral zone allowed us to determine the spatial variability ofsediment denitrification.

We focused on littoral sediments because their disproportionately high metabolic rates

relative to the profundal zone (den Heyer and Kalff, 1998) suggest that a large

proportion ofwhole lake denitrification occurs in shallow waters.

Methods

Sediment samples were collected from Green Bay and Sargent Bay in the

oligotrophic portion of Lake Memphremagog (45°00'N, 72°1O'W) located in the

Eastern Townships of southern Quebec (Figure 2-1, Table 2-1). The lake is long (45

km) and relatively narrow (1-4 km) and extends from Quebec across the Canada-USA

border into Vermont. Lake Memphremagog has been the subject of extensive

limnological studies, many ofwhich have focused specifically on the littoral zone (e.g.

Duarte and Kalff, 1986; Benoy and Kalff, 1999).
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Sampling was conducted !Tom June to August, 1999 by SCUBA divers.

Littoral sites (1-3 m) were selected to provide a range of plant densities and sediment

characteristics. Prior to sample collection, water depth and temperature were

measured. At each site a single 30x30 cm quadrat was placed on the sediment and any

macrophytes growing within that area were collected. Two sediment cores were taken

!Tom within each quadrat using acrylic core tubes (diameter=6 cm, length=70 cm).

The single useable profundal sample was obtained using a gravity corer. Immediately

after collection, ail samples were brought back to the laboratory for analysis.

Sediment denitrification rates were measured using the N2 flux technique on

intact sediment cores (Seitzinger el al., 1993; Nowicki, 1994). One sediment core

!Tom each site was designated as the anoxic 'control' and the second was used as the

oxic standard. Because denitrification does nol occur under completely anoxic

conditions, the anoxic control cores served as a measure of the magnitude of sediment

degassing rates, allowing rates of total N2 flux in the oxic chambers to be corrected for

the background flux (Nowicki, 1994). The use of anoxic control cores allowed

measurements to begin soon after core collection, thereby eliminating the need for a

long pre-incubation degassing period and reducing the deviation !Tom in situ

conditions. Denitrification rates were calculated as the N2 flux !Tom the oxic core

(denitrification and sediment degassing) minus the N2 flux !Tom its anoxic counterpart

(sediment degassing).

ln the laboratory, the top 5 cm ofeach sediment core (surface area 25.5 cm2)

was extruded and placed into a gas-tight glass incubation chamber. The chambers

were similar to those described by Seitzinger el al. (1980) but had only Iwo stopcocks,

a single sampling port and slightly different dimensions (surface area 25.5 cm2, height

25.5 cm). To ensure that both anoxic and oxic cores had equal N2 de-gassing rates, ail

sediments were placed under deep vacuum (approximately 30 Torr) for Iwo minutes

prior to incubation. Pressure in the chambers was equalized using a He-filled, gas­

tight bag. To ensure that denitrification did not occur in anoxic cores (making

sediment degassing the only source ofN2 flux) 4 ml offormalin was injected into each

anoxic sediment core (Kaplan et al., 1979). Subsequently, each core was covered with

460 ml of ambient water that had been sparged with either a mixture of 8oo/o He and
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20%02 (oxic cores) or pure He (anoxic cores) to remove any dissolved N2. These

same gas mixtures were used to flush the 70 ml gas headspace at the top ofeach

incubation chamber.

Measurements ofN2and O2concentrations in the gas phase ofeach chamber

were made by withdrawing gas samples through the sampling ports. Replicate 2 ml

samples were withdrawn using a gas·tight syringe which was pre.flushed with He. Ali

gas sampIes were analyzed using a Varian 4500 gas chromatograph with a thermal

conductivity detector and a 3.2 mm stainless steel column (1.8 m) packed with a Â

molecular sieve (80-100 mesh size). Denitrification rates are based on headspace

samples collected on the fifth day of incubation (48 hours after the last water change

and headspace flush).

Sediment cores were incubated at near in situ temperatures (maximum

difference of±3°C; +7°C for tl>e single profundal core). Where incubation

temperatures differed from in situ temperatures by more than 1°C, a QJO correction for

temperature was applied to mensured denitrification rates. We used a QJO value of

2.16, based on the average of reported temperature-based variation (QJO range: 1.0 to

3.4) in freshwater sediment denitrification rates (as reviewed in Seitzinger, 1988;

Pfenning and McMahon, 1996; Holmes et al., 1996).

In addition to sediment denitrification rates, several other variables were

mensured at each site. Macrophytes were rinsed to remove loose sediment and

invertebrates. At this time, any attached roots were pinched off. Samples were then

spun dry in a lettuce spinner to remove excess water and weighed to determine wet

plant biomass. Plant height was calculated as the average height of the dominant

macrophyte species and used to calculate plant biomass density (plant biomass/plant

height), a mensure of the distribution ofplant biomass in the water column. After final

gas samples were taken from the glass incubation chambers, sediment redox potential

(Eh) was measured in the sediments ofoxic chambers using an Oakton redox probe.

The probe was inserted 2.5 cm into each sediment core and read when the Eh reading

stabilized (approx. 10 min). To determine the sediment water content, sediments from

the oxic chambers were dried at 75°C until a constant weight was achieved. Triplicate
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subsamples (2-7 g) of the dried sediment were then bumed at 550°C ovemight to

determine the loss on ignition as an estimate of the organic content ofthe sediment.

To determine the relationship between sediment denitrification rates and

sediment characteristics, regression and principle components analysis were performed

using SYSTATsoftware (Version 8.0,1998). Where appropriate, variables were log

transformed to improve homoscedasticity of the variance. The single profundal core

was excluded !Tom these analyses.

Results

Denitrification rates in the littoral sediments of Lake Memphremagog ranged

between 8 to 340 I!mol N m-2 h-I, averaging III I!mol N m-2 h-I (Table 2-2).

Summary statistics of site characteristics show that a wide variety ofplant biomass

densities and sediment types were sampled (Table 2-3).

Individually, only % organic matter (r=O.3I, p<0.05) and temperature

(r=0.66, p<O.O1) were significantly related to denitrification in the littoral zone (Table

2-4, Figures 2-2 and 2-3). The relationship to temperature was sufficiently strong that

even rates uncorrected for incubation temperature (QIO) were significantly related

(r=0.51, p<O.OI). Site variables were then used in combination in an attempt to create

stronger predictive relationship. The combination of% organic matter and redox

potential (r=0.64, p<O.OI) was the only set ofvariables which produced a significant

relationship (Table 2-4), but it was no better than that oftemperature alone.

Principle components analysis was used to further explore the relationship

between denitrification and environmental factors (Figure 2-4). Factors 1 and 2

explained 30% and 23% of the total variance, respectively. Factor 1 alone captured

82% of the total variance ofsediment denitrification while factor 2 contributed a

negligible 0.3%. Organic matter content ofthe sediment, temperature and macrophyte

biomass density were positively related to sediment denitrification and water depth

was negatively related. Redox and macrophyte biomass were not linked to

denitrification rates.
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Discussion

The average rate ofdenitrification measured in the littoral sediments of Lake

Memphremagog was surprisingly high. Our rates are comparable to those typically

found in shallower and more eutrophie systems (Table 5). In addition, our

measurements, taken from 19 littoral sites, show denitrification rates to be highly

variable. Only three other studies have expressly measured the spatial variability of

sediment denitrification in lakes (Messer and Brezonik, 1983, Ahlgren et al., 1994,

Roy et al., 1994). These studies similarly showed denitrification rates to exhibit

considerable variation within systems. The variability observed within the sediments

of Lake Memphremagog provides an ideal opportunity to explore which

environmental factors influence denitrification rates.

Denitrification rates are positively related to temperature in the littoral

sediments, with temperature aIone explaining 66% of the variation in denitrification

(Table 2-4, Figures 2-3 and 2-4). Temperature is long recognized as an important

factor in regulating microbial activity in both water and sediment. Denitrification

rates, measured in other locations, have also exhibited higher rates at warmer

temperatures (Seitzinger, 1988). The strong effect noted here over a very small range

(18-24°q is a particularly convincing testimony to the importance oftemperature.

The increase in denitrification with increasing sediment organic matter content

(Figures 2-2 and 2-4) has been previously reported for denitrifYing bacteria

(Seitzinger, 1988; van Luijn et al, 1999). In generaI, heterotrophic bacterial

production has a strong positive relationship with sediment organic matter (Sander and

Kalff, 1993). Il is argued that organic matter influences denitrification rates because

its mineralization supplies the ammonia for nitrification which in tum increases nitrate

supply (Seitzinger, 1988). But, as denitrifYing bacteria also mineralize organic matter

as part oftheir metabolic processes (Knowles, 1982), organic matter may also

influence denitrification rates more directly. Sediments that are rich in organic matter

typically have lower redox potentials and indeed, these variables are significantly
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related in the littoral sediments of Lake Memphremagog (r=O.S3, p<O.O1). While the

addition of redox potential improved the regression of organic malter and

denitrification (Table 2-4), redox alone was not related to denitrification rates (Figure

2-4). This suggests that redox contributed to the predictive model ofdenitrification by

explaining some of the variation associated with sediment organic malter.

ln addition to the relationships revealed by regression analysis, PCA showed

that macrophyte biomass density is related to sediment denitrification (Figure 2-4).

Denitrification rates are typically higher in sediments with plants than those without

(Christensen and S"rensen, 1986; OIsen and Andersen, 1994). Not only do aquatic

plants supply denitrifiers with organic carbon, a potentially rate limiting energy

source, but their biomass density is a excellent indicator of the rate of sedimentation

(Benoy and Kalff, 1999). Moreover, macrophytes create more favorable conditions

for nitrification, and subsequently denitrification, by releasing oxygen into the

sediment through their roots (Oltosen et al., 1999). Macrophyte density, in particular,

may be important because the compact plant forms characterized by high biomass

densities have been observed to stimulate rhizosphere coupled nitrification­

denitrification (Ottosen et al., 1999).

Despite the various ways in which macrophytes are known to affect sediment

denitrification, neither macrophyte biomass nor biomass density were significant

related to denitrification in our regression analysis. The importance ofthese two

environmental variables appears to be masked by the strong influence oftemperature.

It should also be noted that the aboye-sediment portion of the plants was removed

prior to incubation, which might have reduced rhizosphere coupled nitrification­

denitrification. Finally, macrophyte biomass density was calculated only for the small

area from which sediment cores were collected. The best predictor of sedimentation

rates, however, is the average biomass density of the entire macrophyte bed (Benoy

and Kalff, 1999) which integrates small scale differences among cored sites. The

significant regression between organic matter and denitrification appear to reflect the

importance ofplants to sediment denitrification.

It is remarkable that even over a 2 m depth range, site depth and sediment

denitrification were negatively related (Figure 2-4). Site depth is strongly and
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negatively correlated with organic mineralization rates in a number oflakes near Lake

Mernphremagog (den Heyer and Kalff, 1998). That denitrification in the present study

is less strongly Iinked with depth is surely due to the vastly smaller depth range (1-3

m) than those examined for mineralization rates (1-35 m).

Site depth can be expected to be negatively Iinked to denitrification for several

reasons. Profundallake sediments are typically colder than their shallow counterparts,

particularly in stratified temperate lakes. Furthermore, profundal sediments are

composed ofparticles that experience a much longer transit time in the water column

and are therefore subject to greater organic matter decomposition and nutrient

recycling than their littoral counterparts (den Heyer and Kalff, 1998). This yields a

lower quality and quantity of nitrogen and organic matter in sediment particles in the

profundal zone.

Assuming the demonstrated link between depth and sediment metabolism to be

at least roughly indicative of the pattern in denitrification, the littoral denitrification

rates in Lake Mernphremagog and elsewhere can be expected to be higher in the warm

littoral than those in the cold profundal zone. Supporting this view is the observation

that our littoral rates are among the highest in the literature, which is largely based on

whole lake or profundal measurements (Table 2-5). Our single profundal sample (20

m) is, furthermore, among our lowest measured (Table 2-2).

The notion that denitrification rates are typically much higher in littoral than

profundal sediments is supported by the literature. Sediment cores collected from the

deepest part of Lake Baldegg, Switzerland (66 m) yielded denitrification rates ranging

from 38 to 50 J.lmol N m-2 hol (Mengis et al., 1997). Yet, a mass balance of the lake as

a whole reported an average denitrification rate of254 J.lmol N mo2 h- I (Mengis et al.,

1997). The authors proposed the discrepancy to be due to much higher rates of

sediment denitrification in the littoral Zone. Secondly, a direct comparison of

denitrification rates in the profundal and littoral sediments of Lake Norrviken, Sweden

(zmax=II m) reported littoral denitrification to be significantly higher (Ahlgren et al.,

1994). Less direct evidence for higher littoral denitrification cornes from a Iiterature

analysis ofmass balance data showing that shallow freshwater systems retain a higher

proportion oftheir total nitrogen Joad and experience higher rates of denitrification
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than deeper systems (Saunders and Kalff, in review).

A predictive model developed from the combined findings oftwo separate

studies provides yet further evidence for the disproportionate importance of littoral

denitrification. Seitzinger (1994) found denitrification rates in freshwater wetlands to

be strongly correlated with sediment oxygen consumption (SOC) rates (~=O.91, n=15)

while Campbel1 (1984) noted SOC rates to be significantly related to site depth

(~=O.42, n=59). If the intercept of the relationship between SOC and denitrification in

wetlands is set to zero, the two predictive relationships can be combined and the rate

ofsediment denitrification at varying lake depths estimated (Figure 2-5). While the

combination of the two models can only be exploratory, the resulting predictive model

provides an indication ofhow denitrification rates can be expected to change with

depth. As denitrirying bacteria are affected by many of the same conslraints (e.g.

temperature, organic matter, nutrients) that influence bacteria! metabolism in general,

it is likely that a pattern ofdecreasing SOC with site depth also applies to sediment

denitrification. Indeed, the relationship observed by den Heyer and Kalff (1998)

between depth and organic carbon mineralization rates in a series oflakes near

Memphremagog is almost identicai to the denitrification model (Figure 2-5). Lastly,

the average littoral and single profundal denitrification rates measured in Lake

Memphremagog are wel1 predicted by the two models (Figure 2-5). Our data

combined with those from the literature support the conclusion drawn for sediment

metabolism (den Heyer and Ka!ff, 1998) that littoral rates are higher than their

profundal counterparts and that most whole lake denitrification occurs in the littoral

zone.

Conclusion

ln summary, littoral zone denitrification rates (1-3 m) in oligotrophic Lake

Memphremagog, averaging III IImol N mo2 hol
, are approximately IO-fold greater

than the average rate calculated for oligotrophic lakes in the literature (Table 2-5).

The measured littoral and single profundal rates are of the same magnitude as the rates
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predicted using a denitrification model created from literature data (Figure 2-5). The

modeled decline with depth is supported by the only two other studies that measured

or calculated both a littoral and profundal denitrification rate. Even within the littoral

there are indications ofdecline in denii.ification with depth (Figure 2-4). However,

over the 2 m littoral zone depth range, water temperature was the single best indicator

ofdenitrification (~=O.66, Figure 2-2) followed by organic matter (~=O.31, Figure 2­

3). These results, combined with an analysis of the literature, allow the conclusion

that littoral zones make a disproportionately high contribution to whole lake

denitrification.
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Table 2·1: Characteristics of Lake Memphremagog, Sargent Bay, Quebec.

Characteristic
Mean Depth (m) 20
Maximum Depth (m) 107
Total Phosphorous (Ilg/L) 15
Total Nitrogen (Ilg/L) 280

Table 2-2: Denitrification rates in sediments of Lake Memphremagog.

•

Site Depth
(m)

1 1.0
21 1.0

2 1.2
5 201
6 2.1
3 2.5

16 2.7
7 2.5
8 2.5
9 2.5

10 2.5
11 2.5
12 2.5
18 2.5
19 2.5
22 2.5
23 2.5
20 3.0
13 3.4
4 20.0

Denitrification
Ilmo1 N m02 hol

8
312

16
88
59
39

122
15
52

116
73

128
142
340
182
52

124
178
69
15
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Table 2-3: Summary statistics for the littoral sites in Lake Memphremagog.

Variable
Plant Biomass (g wet weight m·2)

Plant Biomass Oensity (g mo3
)

Eh
% water content
% organic matter
ln situ temperature ("C)
Oepth

Mean
328

1532
-307

46
8

22
3

Minimum
o
o

-462
20

1
18
1

Maximum
1292
8615

-54
71
25
24

2

SO
376

1913
118
21

7
0.1

1

Table 2-4: Predictive relationship ofsediment denitrification rates (y) to % organic
matter (OM), temperature (T) and redox potential (Eh).

•
Variable
% Organic matter
Temperature
% Organic matter and Redox

Re1ationship
Ln (y) - 4.07 + 0.06*OM
Ln (y) =-5.12 + 0.43*T
Ln (y) = 5.00 + 0.J3*OM + 0.005*Eh

?
0.31
0.66
0.64

p
<0.05
<0.01
<0.01
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e Table 2-5: Denitrification rates (flmol N m·' h· ' ) in lake sediments. Trophic status of the
lake - 0: oligotrophic, m: mesotrophic, e: eutrophie. Method - NF: (N-mineralization -
(N-assimilation + N-sediment-water exchange», N2: N, flux method, AI: acetylene
inhibition, ISN: ISN technique, MS: mass balance. References - 'reviewed in Seitzinger,
1988; 'reviewed by van Luijn, 1997

Lake Location Zmean Trophic Method Denitrification Reference
(m) Status (Ilmol N m·' h·')

Kvie Denmark 1 0 NF 17-58 Olsen and
Andersen, 1994

Âgerisse Switzer1and 49 0 MB 7 as reviewed in
Hilhenerand
Giichter, 1993

Türlersee Swi12er1and 14 0 MB 23 ..
Blue Cha1k Canada 8 0 MB 7 Molotand

Dillon. 1993
Chub Canada 9 0 MB 1 ..
Crosson Canada 9 0 MB 1
Dickie Canada 5 0 MB 9
Harp Canada 13 0 MB 13
Plastic Canada 8 0 MB 2
RedChalk Canada 14 0 MB 5• Memphremagog Canada 20 0 N2 8-340 This study
Michigan US 84 0 N2 12-51 Gardner el al.•

1987'
Lacawac US o-m N2 50 Seitzinger.

1988
Ernest US o-m N2 56
Hampen Denmark o-m AI 5-50 Christensen

and Serensen,
1986'

Hampen Denmark o-m ,~ 24-30 Oltosen el al.•
1999

Boden-Obersee Austria. 99 m MB 125 as reviewed in
(Constance) Gennany, Hilhenerand

Swi12erland Giichter. 1993
Okeechobee US 3 e AI 2-25 Messer and

Brezonik,
1983'

ELA 227 Canada 4 e ,sN 42-58 Chan and
Campbell,
1980'

Nuldernauw Netherlands 2 e N2 42-214 van Luijn, 1996
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Table 2-5: Continued. Denitrification rates (J.Imol N m-' h-I) in lake sediments. Trophic
status of the lake - 0: oligotrophic, m: mesotrophic, e: eutrophie. Method - NF: (N-
mineralization - (N-assimilation + N-sediment-water exchange», N2: N, flux method, AI:
acetylene inhibition, 15N: ISN technique, ND: N03- decrease, MB: mass balance.
References - 1reviewed in Seitzinger, 1988; 'reviewed by van Luijn, 1997

Lake Location z....n Trophic Method Denitrification Reference
Status (J.Imol N m-2 hO')

Pfàfliker Switzerland 17 e MB 68 as reviewed in
Hohenerand
Giichter, 1993

Greifen Switzer1and 19 e MB 168-306
Ba1degger Switzer1and 33 e MB 74-200
Sempacher Switzerland 44 e MB 82
A1pnacher Switzerland 21 e MB 37
Baldegg Switzerland 33 e MB 254 Mengis et al.,

1997
Zugg Switzerland 84 e MB 46
Vilhelmsborg Denmark N2 191-343 Seitzinger et

al.,1993
S",bygiird Denmark e MB 324-637 Jensen et al.,• 1992
Bryup Langs", Denmark 2 e MB 326 Andersen,

1971'
Kvind Denmark 2 e MB 244-260
Kul Denmark 2 e MB 163-195
Salten Langs", Denmark 4 e MB 0-18
Halle Denmark 3 e MB 359-383
Stigsholm Denmark 1 e MB 148-171
Vallentuna Sweden 3 e MB 5 Ahlgren et al.,

1994
Norrviken Sweden 5 e MB 8
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Figure 2-1: Map of Lake Memphremagog, Canada-USA (4S000'N, nOIO'W). The
smaller box encloses the study sites: Green Bay and Sargent Bay.
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Figure 2·2: Sediment denitrification (f1mol N mo2 hOl
) as a function of% orgnnic

matter of the sediment in the littoral zone of Lake Memphremagog.
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Figure 2-3: Sediment denitrification (llmoi N mo2 hol
) as a function of in situ

temperature (OC) in the littoral zone of Lake Mernphrernagog.
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Figure 2·4: PCA ofsite characteristics of littoral sediment in Lake Memphremagog.
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Figure 2-5: Sediment denitrification and carbon release rates versus site depth. The
solid line represents the estimated relationship between denitrification and site depth
based on reported relationship between sediment denitrification and sediment oxygen
consumption rate (SOC) (Seitzingcr, 1994) (~=0.78, n=13, denitrification =­
0.0658*(SOC); where SOC is measured in IImol m'2 h'l) and the relationship between
oxygen consumption rate and site depth (Campbell, 1984) (~=0.42, n=59,
10g(SOC/(1000*24»=1.64 - 0.48 * log(site depth); whcre SOC is measure in mmol m'
2d· I

). The dotted line represents the reported relationship between carbon release rates
and site depth (den Heycr and KaUT, 1998) (~=0.62, n=25, y=29.5*x -o.5s)••
represents the average littoral and single profundal sediment denitrification rates
measured in this study.
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Appendices
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Appcndix A. Nitrogen loading and retention data

Appendix A consists of the nitrogen loading (g N m'2 y'\ nitrogen retention (g N m'2

y.l) and water discharge (m3 s·l) data for the wetlands, lakes and riveTS in North

America and Europe that were used in Chapter 1 (Figures 1-1 and 1-2). References

for these sites are presented ln Table 1-1 of Chapter 1.
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System Site Nitrogen Nitrogen Water
Load Retention Discharge

(gN m"2 y.l) (gN m-2y.l) (m3 S·I)

Lakes BlueChalk 1.6 1.2 0.026
Chub 2.8 1.I 0.048
Crosson 3.5 1.3 0.103
Dickie 2.8 1.6 0.083
Harp 3.8 2.2 0.096
Plastic 1.5 1.0 0.021
RedChalk 3.2 1.3 0.105
Okeechobee 5.6 4.0
Bryup Lang 82.6 45.4 0.169
Kvind 162 44.5 0.223
Kul 108.5 25.8 0.238
SaltenLang 25.2 6.1 2.452
Halle 85.8 45.9 0.274
Stigsholm 80.7 19.5 0.337
Kvie 2.7 2.1 0.008
S"bygârd 132.6 59.8 0.201
Vallentuna 2.4 1.I 0.270
Norrviken 8.2 1.6 0.536

• Hallwilersee 12.8 3.5
Pîoffikersee 14.7 13.5
Baldegg 40.9 34.4 1.338
Zugg 8.5 8.5 7.197

Wetlands Harp 4·Beaver pond 3.4 0.1 0.0092
Plastic-Conifer swamp 1.5 0.0
Paint -Sedge fen 10.5 0.6 0.0011
Clermont Plot L 6.0 4.3 0.0001
Clermont Plot M 14.8 10.3 0.0003
Clermont Plot H 36.8 26.2 0.0001
Pottsburg Creek 29 16.9 0.1625
Eastern Service Area1 4.7 2.4 0.0394
Cypress Dornes 12.2 10.9 0.0004
Reedy Creek WTSI 104.1 81.4 0.1400
Reedy Creek OFWTS 143.7 126.5 0.0280
Ironbridge 10.0 7.7 0.3960
Boot 5.2 2.7 0.0103
Apalachicola 31.7 31.3 0.0456
BoggyGut 50.0 34.2 0.0290
Central Siough 98.0 75.9 0.0622
BearBay 7.0 6.2 0.0085
Hurtsboro 62.8 23.5 0.0005
Hamilton 0.2 0.1 0.0003
Marcell Forest Bog 1.3 0.6
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System Site Nitrogen Nitrogen Water
Load Retention Discharge

(gN m·2y"1) (gNm'2 y'l) (m3 S·I)

Wetlands Tarr River Floodplain 51.6 27.1
Rabis Baek Riparian 58.9 39.0
Zone
Syvbaek 153.8 54.2

Rivers GjernRiver 75.6 12.1 1.06
Swift's Brook 229.8 123.3 0.00
River Raan 6333.3 190.0 1.80
Potomac River 61.8 33.5
Great Ouse 1936.0 267.0 9.26
River Trent 1810.0 498.4 81.00
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Appendlx B. Denitrification and nitrogen sedimentation data

Appendix B consists of the nitrogen loading (g N m-2y'\ dcnitrification (gN m·2y.l)

and nitrogen sedimentation (g N m'2 y.l) data for the lakes in North America and

Europe that were collected from the Iiterature and used in Chapter 1 (Figure 1-3).

References for these sites are presented in Table 1-1 ofChapter 1.



Site Nitrogen Denitrification Nitrogen
Load (gNm'2 y'\) Sedimentation

(g N m'2 y") (gN m'2 y")
BlueChalk 1.6 0.8 0.4
Chub 2.8 0.1 1.0
Crosson 3.5 0.1 1.2
Dickie 2.8 1.I 0.5
Harp 3.8 1.6 0.6
Plastic 1.5 0.3 0.7
Red Chalk 3.2 0.6 0.7
Okeechobee 5.6 1.0 3.0
Bryup Lang 82.6 40.0 5.4
Kvind 162 31.0 13.5
Kul 108.5 23.0 2.8
Salten Lang 25.2 1.0 5.1
Halle 85.8 45.5 0.4
Stigsholm 80.7 19.5 0
Kvie 2.7 2.0 0.1

Sebygârd 132.6 54.5 5.3
Vallentuna 2.4 0.6 0.5

• Norrviken 8.2 0.9 0.7
Aegerisee 0.9 0.5 0.5
Hallwilersee 12.8 2.2 1.2
Kinneret 9.1 6.4 1.1
Baldegg 40.9 30.4 4.0
Zugg 8.5 5.5 3.0
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Appendlx C. Site map

Appendix C consists ofa figure detailing the locations where sediment samples were

collected from Green Bay and Sargent Bay in Lake Memphremagog. Sample numbers

correspond to those used in Chapter 2 and in Appendix D and E.
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Appendix D. Site characteristics

Appendix D consisls of the site characteristics ofsediment samples collected from

Lake Memphremagog for denitrification analysis. Macrophyte biomass (g m'\

macrophyte biomass density (g m'\ organic content of the sediment (% by weight),

water content of the sediment (% by weight) and sediment redox potential are

presented.
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Site Macrophyte Macrophyte Sediment Sediment Sediment
Biomass Biomass Density Organic Matter Water Redox
(g m·2) (g m'3) (%) (%)

1 23.8 476.2 -329
2 87.3 1091.3 -232
3 1292.2 8614.8 9.1 -302
4 0.0 0.0 15.6 -228
5 12.2 174.6 6.4 -278
6 21.8 181.7 10.7 48.7 -462
7 58.1 1162.9 2.1 61.5 -357
8 69.0 1380.0 3.9 28.7 -280
9 0.0 0.0 1.5 22.2 -118

10 202.8 3379.1 1.8 19.9 -260
II 862.1 1436.9 11.5 20.9 -413
12 502.1 1434.5 13.4 61.8 -364
13 858.0 7800.0 8.7 61.5 -436
16 89.1 523.9 1.3
18 564.6 1449.5 18.0 -447
19 72.9 800.7 1.8 70.9 -54
20 49.5 182.8 17.0 22.3 -404
21 410.8 2242.9 25.4 67.7 -416

• 22 710.8 1499.5 2.8 70.1 -186
23 355.1 2223.6 1.4 39.8 -187
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Appcndlx E. Denitrification rates and temperatures

Appendix E consists of the ln situ and incubation temperatures ("C) of the sediment

cores used in Chapter 2. Measured and QIO corrected denitrification rates

(flmoi N m"2 h"l) are also presented.
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Site ln Si/Il Incubation Measured QIO Corrected
Temperature Temperature Denitrification Denitrification

(oC) (OC) (~mol N m'2 h") (~mol N m·2 h")
1 18.8 20.0 9 8
2 18.8 20.0 18 16
3 18.3 20.0 44 39
4 13.0 20.0 26 15
5 21.4 23.6 105 88
6 21.4 23.6 70 59
7 24.5 23.6 18 15
8 21.5 23.6 61 52
9 23.0 25.5 140 116

10 23.0 25.5 88 73
11 22.8 25.5 158 128
12 22.8 25.5 175 142
13 20.8 22.5 79 69
16 21.5 22.5 122 113
18 24.2 24.4 340 340
19 24.2 24.4 182 182
20 24.2 24.4 178 178
21 24.1 24.4 ï'~ 312

• 22 23.3 23.4 52 52
23 23.3 23.4 124 124
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