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Abstract As a result of increased anthropogenic

nitrogen (N) loading in surface waters of agricultural

watersheds, there is enhanced interest to understand

and quantify N removal mechanisms. Denitrification,

an important N removal mechanism in aquatic sys-

tems, may contribute to reducing N pollution in

agricultural headwater streams. However, the key

factors controlling this process in lotic systems remain

unclear. The objective of our study was to examine the

factors regulating rates of denitrification in the sedi-

ments of agricultural headwater streams in the mid-

western USA. Denitrification rates were variable

among streams and treatments (\0.1–28.0 lg N g

AFDM–1 h–1) and on average, were higher than those

reported for similar headwater streams. Carbon quan-

tity and quality, and pH had no effect on denitrification,

while temperature and nitrate (NO�3 ) concentrations

had a positive effect on rates of denitrification.

Specifically, NO�3 controlled denitrification following

Michaelis-Menten kinetics. We calculated a value of

km (1.0 mg NO�3 -N L-1) that was comparable to other

studies in aquatic sediments but was well below the

median in-stream NO�3 concentrations (5.2–17.4 mg

NO�3 -N L–1) observed at the study sites. Despite high

rates of denitrification, this removal mechanism is

most likely NO�3 saturated in the agricultural headwa-

ter streams we examined, suggesting that these systems

are not effective at removing in-stream N.

Keywords Denitrification � Headwater stream �
Michaelis-Menten

Introduction

In the mid-western USA, fertilizer applications,

particularly nitrogen (N) and phosphorus (P), have

led to the eutrophication of surface waters and coastal

hypoxia (Carpenter et al., 1998; Burkhart & James,

1999; Rabalais et al., 2002). Eutrophication has been

linked to noxious algal blooms (Burkhart & James,

1999), cases of infant methemoglobinemia and non-

Hodgkin’s lymphoma in humans (Ward et al., 1996),

and loss of biodiversity (Galloway & Cowling, 2002).

Agricultural states such as Iowa, Illinois, Indiana and

Ohio are the dominant states contributing to the net

export of nitrate (NO�3 ) to the Mississippi River

Basin, and this nutrient is a key contributor to the

hypoxic zone in the Gulf of Mexico (Goolsby et al.,

1999).
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Due to concerns over hypoxia, attention in the

scientific community has been focused on under-

standing and quantifying N removal mechanisms

(Mitsch et al., 2001). In aquatic systems, denitrifica-

tion is the dominant N removal mechanism,

permanently removing NO�3 from a system via N2.

Denitrification is a chemoheterotrophic reaction,

mediated by facultative bacteria when dissolved

oxygen is less than 0.5 mg l–1 (Piña-Ochoa &

Álvarez-Cobelas, 2006). Levels of NO�3 , organic

carbon (C), and oxygen, and temperature, pH, and

specific enzyme inhibitors have the ability to directly

influence this microbial-mediated process (Knowles,

1982). Other factors have indirect effects on denitri-

fication; for example, aquatic vegetation alters the

availability of organic C and oxygen, and nitrification

impacts the availability of NO�3 (Risgaard-Petersen &

Jensen, 1997; Eriksson & Weisner, 1999; Risgaard-

Petersen, 2003). However, the dominant factors that

regulate denitrification rates in aquatic sediments,

specifically in lotic ecosystems, are unclear (Boyer

et al., 2006).

Headwater streams are thought to remove more N

via denitrification than higher order streams and

rivers (Alexander et al., 2000; Peterson et al., 2001).

Studies have identified denitrification in various

headwater streams as being pH inhibited (Baeseman

et al., 2006), organic C limited (Pfenning & McMa-

hon, 1996), NO�3 limited (Martin et al., 2001; Royer

et al., 2004), and NO�3 saturated (Bernot et al., 2006).

These were either field-based studies or limited

laboratory experiments designed to test one or two

factors. In order to provide a full understanding of

what regulates denitrification in headwater streams,

controlled laboratory studies should manipulate sev-

eral factors. Also, confusion regarding co-limitations

must be avoided by manipulating one factor at a time.

The objective of this study was to identify the

factors that regulate rates of denitrification in the

sediments of agricultural headwater streams. Identi-

fying factors that limit denitrification will facilitate

the implementation of management actions that

maximize N removal in headwater streams. To

achieve our objective, sediments from three study

streams located within the same agricultural

watershed were collected, returned to the laboratory,

and underwent various treatments. We hypothesized

that denitrification rates would respond positively to

increased temperature, NO�3 , glucose, and humic

acid. However, we expected denitrification rates to be

higher in presence of a more labile C source, glucose,

than in presence of a more recalcitrant source of C,

humic acid. Finally, we hypothesized that denitrifi-

cation rates would be maximized at neutral pH.

Methods

Study sites

Three 50-m reaches were selected on primary head-

water streams in the Upper Sugar Creek Watershed in

Northeast Ohio, USA (40�51042@ N, 81�50029@ W;

Fig. 1). Over 85% of the land-use in the Upper Sugar

Creek Watershed is agriculture, and most is heavily

tile drained (Ohio EPA, 2002). Even if the watershed

of each site is dominated by agriculture (Table 1),

land use immediately adjacent to each reach varies.

Adjacent to Orr Run Creek is a road on one side and

row crop agriculture on the other. The riparian zone

of Smith Creek is residential lawn, fed upstream by

agricultural fields. Potato Creek is located within a

small woodlot, which is surrounded by row crop

agriculture and potato farms. All three sites are

channelized, have no sinuosity, and little slope

(\2%), and their soil parent material is dominated

by glacial till. Sediment type is highly variable

among streams (Table 1). The sites were selected as

they represent the variability of headwater streams in

the watershed. The reaches were periodically moni-

tored for discharge, water chemistry, and sediment

characteristics (Table 1). Stream velocity was mea-

sured using a SonTek Acoustic Doppler Velocimeter

and discharge was measured using the USGS stan-

dard six-tenths method (Buchanan & Somers, 1969).

At all sites, baseflow discharge was low (\21 l s–1),

and NO�3 was the dominant inorganic N species

(Table 1). Concentrations of NO�3 increased at Orr

Run Creek and at Smith Creek as discharge

increased, while concentrations remained elevated

at Potato Creek regardless of changes in stream flow.

Denitrification assays

Sediments from the stream reaches were collected in

late January—early February 2006. At each reach, the

top 3–5 cm of sediment was collected at eight
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random locations along the 50-m reach and homog-

enized, providing one sample per stream. The

sediments were stored at 4�C until processed in the

laboratory. Prior to denitrification assays, sediments

were covered with deionized water and incubated in

the dark at room temperature (22–25�C) for 48 h.

This time period allowed the microbial populations to

acclimate to warm temperatures and become active.

After 48 h, sediment slurries were created using

deionized water. Approximately 25 mL of slurry was

added to each 150 ml borosilicate glass media bottle.

Denitrification was measured using the acetylene

inhibition method (Knowles, 1990). Prior to sediment

addition, chloramphenicol was added to a final

concentration of 5 mM. The use of chloramphenicol

reduces bottle effects by eliminating enzyme growth

and allows denitrification to be measured over short

incubation periods (Bernot et al., 2003). Deionized

water was added to each bottle with a corresponding

amendment to reach a final volume of 75 ml. Using

deionized water as compared to stream water allowed

us to calculate the exact amount of substrate each

media bottle received and easily manipulate pH.

Oxygen was purged from each bottle by contin-

uously pumping helium at 35 ml min–1 for 5 min and

shaking the bottles every 30 s. About 15 ml of

acetylene was added to reach a final concentration of

10%, and bottles were placed in a Torrey Pines

Scientific temperature controlled benchtop incubator

at a set temperature in the dark. After 20 min of

equilibration time, 5 ml of gas sample was taken

from each bottle every hour for 3 h. Prior to

sampling, bottles were shaken and given 3 min to

equilibrate. Immediately after sampling, 5 ml of

replacement gas (10 parts acetylene/90 parts helium)

was added.

Treatment experiments

The following parameters were manipulated to

determine their effect on denitrification: NO�3 , tem-

perature, pH, and C quantity and quality. The

response of denitrification was tested at four different

concentrations of NO�3 (0, 2, 10, and 20 mg NO�3 -

N l–1); all treatments received non-limiting concen-

trations of C (20 mg glucose-C l–1) and were

incubated at 25�C. The effect of temperature on

denitrification was tested at high (25�C) and low

(8�C) temperatures on slurries receiving non-limiting

concentrations of NO�3 (20 mg NO�3 -N l–1) and C

(20 mg glucose-C l–1). The effect of pH on denitri-

fication was tested at low (5.5), neutral (7.5), and

high (9.5) pH values, on slurries receiving non-

limiting concentrations of NO�3 (20 mg NO�3 -N l–1)

and C (20 mg glucose-C l–1). Either H2SO4 or NaOH

was used to adjust pH, following the enrichments

with NO�3 and C. The effect of two C substrates

Potato Creek

Smith Creek

Orr Run Creek

5 km0

Fig. 1 Location of the

Upper Sugar Creek

Watershed (40�51042@ N,

81�50029@ W) within the

state of Ohio, USA. All

three study reaches are

located on primary

headwater streams, and are

within 8 km of each other
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(glucose and humic acid) on denitrification was tested

at four different concentrations (0, 2, 10, and

20 mg C l–1); all treatments received non-limiting

concentrations of NO�3 (20 mg NO�3 -N l–1) and were

incubated at 25�C. From the homogenized sediments,

four pseudo-replicates were used to determine a mean

denitrification rate at each site. This pseudo-replica-

tion was conducted, as recommended by Tiedje

(1982), to account for the variability of the denitri-

fication process. However, the level of replication is

the number of study sites (n = 3).

Sample analysis

Gas samples were placed in pre-evacuated vials and

stored at 4�C for no longer than seven days until

analysis. Samples were analyzed for N2O on a

Shimadzu Gas Chromatograph (Alltech Poropak-Q

column 80/100 mesh 120 · 1/8@ · 0.085; Alltech

Poropak-Q column 80/100 mesh 120 · 1/

8@ · 0.085@ SS; 40�C; carrier gas: 95% argon/5%

methane; flow rate: 35 ml min–1) equipped with an

ECD detector and a 1 ml sample loop.

Water samples were analyzed for N species on a

Lachat QuikChem 8500 Autoanalzyer and dissolved

organic C (DOC) on a Dorhmann-Rosemont Carbon

Analyzer. Samples analyzed for dissolved constitu-

ents were filtered through 0.45 lm membrane filters

and preserved with H2SO4. To determine total N,

unfiltered samples were digested using an autoclave

following the persulfate method (AHPA, 1998).

After gas analysis, the sediment from each assay

bottle was dried at 60�C for 24 h, weighed, com-

busted at 550�C for 6 h, and reweighed to determine

ash free dry mass (AFDM). Total C and N were

measured in sediments dried at 60�C for 24 h with a

CE Instruments CHN Analyzer. After sediments were

dispersed in sodium hexametaphosphate, size distri-

bution was determined by mechanical wet sieving.

Statistics

ANOVA was used to determine significance in the

different treatment experiments using Systat 11.0.

The data met the assumption of the analysis (nor-

mality and homoscedasticity). The effect of the

different factors on denitrification rates was testedT
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as follows: effect of NO�3 concentration (one-way

ANOVA; 0, 2, 10, and 20 mg NO�3 -N l–1; df = 3),

effect of temperature (one-way ANOVA; 25�C and

8�C; df = 1), effect of pH (one-way ANOVA; pH of

5.5, 7.5, and 9.5; df = 2), and effect of C concentra-

tion and C quality (two-way ANOVA; glucose and

humic acid; 0, 2, 10, and 20 mg C l–1; effect of

substrate quality df = 1; effect of concentration

df = 3; effect of substrate quality*concentration

df = 3). When appropriate, post hoc analysis was

done using pairwise Tukey tests. Denitrification rates

in the NO�3 enrichment experiment were fit to

Michaelis-Menten type kinetics using a nonlinear

regression function on Sigma Plot 8.0 with the

following equation:

denitrification rate =
Vmax[NO�3 ]

km þ [NO�3 ]

The two parameters in the Michaelis-Menten

equation describe how denitrification responds loga-

rithmically to increasing NO�3 concentrations until

reaching saturation. The first parameter, Vmax, is the

maximum denitrification rate achieved and the sec-

ond, km, is the NO�3 concentration at which the

denitrification rate is one-half Vmax. Lower km values

are indicative of denitrifiers that become saturated at

lower NO�3 concentrations. Since denitrification rates

are expressed in units that are not easily converted

between each other (e.g., expressed in a dry mass

basis, an AFDM basis, or an aerial basis), Vmax is

difficult to compare among studies. Conversely, km is

almost always expressed in units of aqueous concen-

tration making it relatively easy to compare.

Results

Nitrate amendments

Significant differences were detected in the NO�3
enrichment experiment (F3,11 = 6.190; P = 0.018),

with the control (0.1 ± 0.1 lg N g AFDM–1 h–1; all

data henceforth will be mean ± standard deviation

unless otherwise indicated) having a lower denitrifi-

cation rate than the treatments receiving 10 and

20 mg NO�3 -N l–1 but similar to the treatment

receiving 2 mg NO�3 -N l–1 (Tukey’s P \ 0.05). No

differences were detected in the treatments receiving

enrichments of 2, 10, and 20 mg NO�3 -N l–1, for

which denitrification rates were 7.4 ± 1.3, 10.7 ± 5.4,

and 10.5 ± 4.2 lg N g AFDM–1 h–1, respectively.

The response of denitrification rates to increasing

NO�3 concentrations followed Michaelis-Menten

kinetics (Fig. 2). Fitting Michaelis-Menten type

kinetics to the data produced a significant, positive

correlation (P \ 0.001, r2 = 0.70). On the basis of

regression line, Vmax was estimated to be 11.4 lg N

g AFDM–1 h–1 and km was estimated to be 1.0 mg

NO�3 -N l–1.

Temperature and pH

Denitrification rates were twice as high

(F1,5 = 11.208; P \ 0.029) at 25�C (22.1 ± 4.7 lg N

g AFDM–1 h–1) compared to those at 8�C

(11.2 ± 3.1 lg N g AFDM–1 h–1). Denitrification

rates were similar at all three pH levels tested. At

pH values of 5.5, 7.5, and 9.5, the denitrification rates

were 21.7 ± 4.6, 22.1 ± 4.7, and 23.1 ± 5.5 lg N g

AFDM–1 h–1, respectively.

Carbon amendments

Carbon quality and C concentration had no effect on

denitrification rates. Denitrification rates in the
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Fig. 2 Denitrification rates from the sites under varying nitrate

concentrations. Significant differences were detected in the

denitrification rates (F3,11 = 6.190; P = 0.018). Treatments

with the same letter are not significantly different (Tukey’s

P \ 0.05). Regression analysis was conducted using Michae-

lis-Menten type kinetics. Each treatment received a glucose

amendment (20 mg glucose-C l–1), and all incubations were

done at 25�C
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control averaged 11.6 ± 5.8 lg N g AFDM–1 h–1.

The glucose treatments had denitrification rates of

11.0 ± 4.2, 13.3 ± 5.7, and 10.8 ± 4.3 lg N g

AFDM–1 h–1 for 2, 10, and 20 mg glucose-C l–1,

respectively. In the humic acid treatments, the

denitrification rates were 10.6 ± 4.6, 10.4 ± 5.4, and

10.9 ± 4.8 lg N g AFDM–1 h–1 for 2, 10, and 20 mg

humic acid-C l–1, respectively.

Discussion

Comparison of denitrification rates in low order

streams

Several methods are available to measure rates of

sediment denitrification, each of which has strengths

and weaknesses depending on specific research

questions and site conditions (Groffman et al.,

2006). We chose a denitrification method frequently

used in stream sediments to facilitate comparison to

other studies in the literature. Denitrification rates in

the study sites displayed substantial spatial and

temporal variability that is inherent in most microbial

communities (Garcı́a-Ruiz et al., 1998; Kemp &

Dodds, 2002; Royer et al., 2004). Sediments used in

this study were collected during winter. Although

some studies have identified seasonal effects on

denitrification (Martin et al., 2001), we found that the

range of denitrification rates obtained during the

experiment was similar to that obtained from these

same streams during spring, summer, and fall (\0.1–

22.4 lg N g AFDM–1 h–1; Herrman, 2007). Either

denitrification in the study streams was not seasonally

affected or the effects of seasonality were minimized

because we incubated the sediments at room temper-

ature prior to experimentation.

Denitrification rates observed in the study sites

were within the same order of magnitude (but

generally higher) than rates reported for low order

streams (see review in Table 2). The denitrification

rate (12.0 lg N g AFDM–1 h–1) closest to ours was

measured in a stream that had maximum NO�3
concentrations of 5 mg NO�3 –N l-1 (Inwood et al.,

2005). The sites we examined, however, routinely

had in-stream concentrations [10 mg NO�3 –N l–1.

Consistent with other research in agricultural streams,

we attributed our high denitrification rates to heavy

anthropogenic N loading (Schaller et al., 2004).

Overall, the denitrification rates measured in the

study reaches were comparable to the rates in the

literature, but were probably enhanced as a result of

the surrounding agricultural activity in the watershed.

Effect of nitrate on denitrification

Denitrification in the study sites, followed Michaelis-

Menten kinetics as NO�3 concentrations increased. In

the literature, we only identified one study that did

not document a NO�3 limitation (Table 3). Sediments

from the South Platte River were reported to be

unaffected by NO�3 (Pfenning & McMahon, 1996),

but this conclusion may be limited by the experi-

mental design. Sediments were enriched with

increasing NO�3 concentrations, but were not

amended with C, even though the sediments were C

limited (Pfenning & McMahon, 1996). After denitri-

fication did not respond to the increasing NO�3
concentrations, the authors concluded that the sedi-

ments were not NO�3 limited, but the non-response

may have been a result of C limitation. In our study,

we supplied a non-limiting concentration of organic

C to determine the response of denitrification to

increasing NO�3 . Such an experimental design min-

imizes confusion regarding co-limitation and allows

us to definitively conclude NO�3 affected denitrifica-

tion in our headwater streams.

Table 2 Comparison of denitrification rates obtained using the acetylene inhibition method on streams throughout the United States

Stream type Method Denitrification rate

(lg N g AFDM–1 h–1)

Reference

Central U.S. agricultural headwaters C2H2 inhibition, sediment slurry \0.1–28.0 This study

Eastern U.S. forested mountain stream C2H2 inhibition, sediment slurry \0.1–1.3 Martin et al. (2001)

Western U.S. urban stream C2H2 inhibition, in-stream mesocosm 8.1–11.1 Duff et al. (1984)

Central U.S. headwaters C2H2 inhibition, sediment slurry 2.0–12.0 Inwood et al. (2005)

310 Hydrobiologia (2008) 598:305–314
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Few studies have examined the response of denitri-

fication to NO�3 using Michaelis-Menten kinetics.

Studies that have used Michaelis-Menten kinetics have

utilized a variety of denitrification methods from a

range of terrestrial, riparian, wetland, intertidal, and

stream ecosystems (Laverman et al., 2006). As previ-

ously stated, Vmax is measured with differing units

making this parameter difficult to compare between

studies. Values of km, however, are relatively easy to

compare and yield two pieces of information. First, the

magnitude of km indicates how quickly denitrifiers are

saturated with NO�3 . The values we measured appear to

be in agreement with most of the literature for hydric

soils and sediments, and suggest that denitrification in

the sediments of the study streams becomes saturated

at moderate NO�3 concentrations (Table 4). The high-

est value of km we identified in the literature, was

measured using intact sediment cores (Garcı́a-Ruiz

et al., 1998). Intact cores yield higher km values than

sediment slurries because slurries provide greater

exposure to the microbial population to NO�3 (Laver-

man et al., 2006). Second, values of km give an

indication of how close denitrification is to saturation.

If in-stream NO�3 concentrations are below km, then

denitrification is not near saturation. Conversely, if in-

stream NO�3 concentrations are above km, then deni-

trification is saturated. The median NO�3 concentration

for our sites is well above km. Therefore, denitrification

in these agricultural headwater streams is most likely

saturated with NO�3 . Other studies using various

methods have also determined that agricultural head-

water streams are NO�3 saturated or at least saturated

during certain periods of the year (Royer et al., 2004;

Bernot et al., 2006).

Table 3 Relationships with denitrification observed in streams and rivers throughout the United States

Stream Type Method Significant Effect Observed on Denitrification Reference

Temperature pH Carbon Nitrate

Central U.S. agricultural C2H2 inhibition,

sediment slurry

+ – – + This study

Central U.S. agricultural C2H2 inhibition,

sediment slurry

ND ND – + Royer et al. (2004)

Eastern U.S. forested

mountain

C2H2 inhibition,

sediment slurry

+ – – + Martin et al. (2001)

Western U.S. desert C2H2 inhibition,

sediment slurry

+ ND – + Holmes et al. (1996)

Western U.S. acid mine

drainage

NO�3 depletion,

sediment slurry

ND + + ND Baeseman et al. (2006)

Western U.S. river C2H2 inhibition,

sediment slurry

+ ND + – Pfenning & McMahon (1996)

Note: +, a significant effect was observed; –, no significant effect was observed; ND, no data available

Table 4 Values for km (mg NO�3 -N l–1) obtained with Michaelis-Menten kinetics from various aquatic soils/sediments

Sediment/Soil type Method km(mg NO�3 -N l–1) Reference

Headwater stream sediment Slurry 1.0 This study

Riparian soil Slurry 2.1 Schipper et al. (1993)

Riparian soil Slurry \0.1 Ambus (1993)

Wetland soil (upper 5 cm) Slurry 0.4–1.3 Maag et al. (1997)

Intertidal sediment Slurry 0.7 Oremland et al. (1984)

Intertidal sediment Slurry 3.8–7.1 Laverman et al. (2006)

Lake sediment Slurry 0.2–1.4 Hordijk et al. (1987)

River sediment Intact core 0.2–9.0 Garcı́a-Ruiz et al. (1998)
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Effect of temperature on denitrification

We chose 8�C and 25�C as incubation temperatures

because they represented the range of temperature

observed in the study streams from spring to fall.

Consistent with other published research, we

observed that denitrification was higher under

increased temperature (Schipper et al., 1993; Holmes

et al., 1996; Maag et al., 1997; Seitzinger, 1988;

Martin et al., 2001). We also determined that denit-

rifiers, when supplied with adequate organic C and

NO�3 , can maintain significant activities at low

temperatures. Overall, temperature appears to be a

critical factor regulating denitrification, and our study

demonstrates that it should be incorporated into N

removal models as it is sometimes overlooked (e.g.,

RivR-N see Seitzinger et al., 2002).

Effect of pH on denitrification

Denitrification could be affected by pH because

protons are consumed during the reaction. For aquatic

sediments, there is some agreement that denitrifica-

tion is not inhibited at neutral and high pH (Knowles,

1982; Almeida et al., 1995; Wang et al., 1995; Glass

& Silverstein, 1998), but is inhibited at low pH

(Napier & Bustamante, 1988). Most of these studies

were conducted on bacteria isolated in the laboratory

or on wastewater treatment sludge, making their

applicability to natural systems challenging.

Over three pH values (5.5, 7.5, and 9.5), we did

not document a pH effect on denitrification. This

finding is supported by a study conducted in forested

headwater streams with pH values as low as 5.76

(Martin et al., 2001). However, a study of a stream

receiving acid mine drainage did identify pH effects

on denitrification at values below four (Baeseman

et al., 2006). Neither our study nor that of Martin

et al. (2001) was able to observe an effect, probably

because the pH values included may not have been

low enough to inhibit denitrification. We selected pH

values for the experiment that were above and below

the maximum and minimum pH values recorded in

the study streams (range = 7.7–8.7). This allows us to

conclude that within the study streams, current pH

levels do not affect denitrification.

Effect of carbon on denitrification

Our study and several others determined that C

concentration has no effect on denitrification; how-

ever, some studies have documented a C limitation

(Table 3). We concluded that our inability to identify

a C limitation in the study streams was probably a

result of the abundant amount of DOC (3.4–3.7 mg

C l–1) and sedimentary C (23.4–34.7 mg C g soil–1).

Even though we removed DOC from the overlying

water column for the control treatment, C was still

available to the denitrifiers via the sediment. Sedi-

ment with C higher than 10 mg C g soil–1 has been

suggested to be the boundary between oligotrophic

and eutrophic systems (Piña-Ochoa & Álvarez-

Cobelas, 2006). Therefore, the sedimentary C in the

study sites most likely provided sufficient substrate to

support denitrification. We also examined C quality

by using a labile (i.e., glucose) and recalcitrant (i.e.,

humic acid) C source for denitrification. This exper-

iment did not yield significant information because C

was not a limiting factor in the sediments we

examined.

Comparing our results to the literature is difficult:

few denitrification studies have published residual C

data and when they did, it was typically DOC and not

sedimentary C. Two studies that have documented a

C limitation on denitrification were conducted in sites

with low C inputs. The first was a study of riverine

sediments with low residual sedimentary C

(*0.67 mg C g soil–1, Pfenning & McMahon,

1996). The second study examined a stream receiving

acid mine drainage, and the authors generally

concluded that the stream had low C supplies

(Baeseman et al., 2006). Studies that have not found

a C limitation were conducted in streams in forested

or agricultural watersheds and received moderate to

high C inputs. Specifically, one study looked at

streams with organic rich sediments (24.1 mg organic

matter g soil–1, Martin et al., 2001), and two others

examined streams with high DOC concentrations

(2.5–5.5 mg C l–1, Royer et al., 2004; 1.73–3.54 mg

C l–1, Holmes et al., 1996). Ultimately, denitrifica-

tion in the agricultural headwater streams we

investigated was not affected by C, probably because

they received adequate supply of C from sediment

sources.
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Conclusion

Denitrification in the agricultural headwater streams

we identified is not affected by pH and C quantity and

quality but is controlled by temperature and NO�3
concentration. Specifically, the effect of NO�3 on

denitrification followed Michaelis-Menten kinetics.

Despite high denitrification rates, these streams were

most likely saturated with NO�3 because in-stream

NO�3 concentrations were well above km. Agricul-

tural headwater streams could potentially remove

substantial N during warm summer months when in-

stream NO�3 concentrations are low (\1 mg NO�3 -

N l–1), but would remove insignificant amounts of N

during cooler periods of winter, spring, and fall when

NO�3 concentrations are high ([1 mg NO�3 -N l–1). In

the Upper Sugar Creek Watershed, N loads are

highest during spring and fall (Herrman, 2007) and

combined with our findings, this suggests that the

headwater streams we examined are not effective at

removing in-stream N.
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