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Abstract The extent to which in-stream processes

alter or remove nutrient loads in agriculturally

impacted streams is critically important to watershed

function and the delivery of those loads to coastal

waters. In this study, patch-scale rates of in-stream

benthic processes were determined using large vol-

ume, open-bottom benthic incubation chambers in a

nitrate-rich, first to third order stream draining an area

dominated by tile-drained row-crop fields. The cham-

bers were fitted with sampling/mixing ports, a volume

compensation bladder, and porewater samplers. Incu-

bations were conducted with added tracers (NaBr and

either 15N[NO3
-], 15N[NO2

-], or 15N[NH4
?]) for

24–44 h intervals and reaction rates were determined

from changes in concentrations and isotopic compo-

sitions of nitrate, nitrite, ammonium and nitrogen gas.

Overall, nitrate loss rates (220–3,560 lmol N m-2 h-1)

greatly exceeded corresponding denitrification

rates (34–212 lmol N m-2 h-1) and both of these

rates were correlated with nitrate concentrations

(90–1,330 lM), which could be readily manipulated

with addition experiments. Chamber estimates closely

matched whole-stream rates of denitrification and

nitrate loss using 15N. Chamber incubations with

acetylene indicated that coupled nitrification/denitrifi-

cation was not a major source of N2 production at

ambient nitrate concentrations (175 lM), but acety-

lene was not effective for assessing denitrification at

higher nitrate concentrations (1,330 lM). Ammonium

uptake rates greatly exceeded nitrification rates, which

were relatively low even with added ammonium

(3.5 lmol N m-2 h-1), though incubations with nitrite

demonstrated that oxidation to nitrate exceeded reduc-

tion to nitrogen gas in the surface sediments by fivefold

to tenfold. The chamber results confirmed earlier

studies that denitrification was a substantial nitrate sink

in this stream, but they also indicated that dissolved

inorganic nitrogen (DIN) turnover rates greatly

exceeded the rates of permanent nitrogen removal via

denitrification.

Keywords Denitrification � Nitrification �
Stream bed � Benthic chamber � Isotope tracer

Introduction

The global nitrogen cycle has undergone acute

anthropogenic alteration through industrial fixation

of atmospheric nitrogen (Galloway et al. 2004;

Schlesinger et al. 2006). Widespread, non-point source

application of nitrogen fertilizer has led to severe

ground water contamination, increased nitrogen loads
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in rivers and streams, and subsequent eutrophication of

many regional and coastal water bodies. In the Gulf of

Mexico, for example, large loads of nitrogen delivered

by the Mississippi River (Goolsby et al. 2001)

contribute to repeated, seasonal formation of extensive

areas of suboxic or hypoxic waters (Rabalais et al.

1994; Scavia et al. 2003). Although it is clear that in-

stream nitrogen-cycling processes such as nitrification

and denitrification must have an effect on nitrogen

loads transported from agricultural fields to the ocean,

unlike soils where the processes have been studied in

greater detail, much less is known about them in

aquatic environments. When and under what condi-

tions do these processes have the greatest impact on

stream channel nitrogen loads? What factors control

the processes? And, how do they interact with each

other and with the hydrologic regime?

Denitrification potentially has the greatest net

impact on nitrogen loads in rivers and streams

because it permanently removes fixed nitrogen via

reduction of nitrogen oxides to nitrogen gas. The

process is controlled primarily by oxygen concentra-

tion, available electron supply, and the amount of

nitrate present (Knowles 1982). Most lotic waters are

sufficiently oxic to restrict the process to zones with

steep oxygen gradients, such as bottom sediments,

hyporheic zones, and river banks. Thus, the signi-

ficance of denitrification depends locally upon the

flux and consumption of oxygen relative to the rate of

water flow and re-aeration. A number of studies have

documented the occurrence of denitrification in

streams and stream sediments using a variety of

techniques, including acetylene block assays (Schal-

ler et al. 2004; Bartkow and Udy 2004; Groffman

et al. 2005; Duff et al. 2008), 15N tracers (Mulholland

et al. 2004, 2008; Böhlke et al. 2004; Grimm et al.

2005), and changes in N2/Ar ratios (Laursen and

Seitzinger 2002; Pribyl et al. 2005; Smith et al.

2006a). The perspective has varied from potential

assays conducted in laboratory flasks with sediment

material and unlimited substrate concentrations

(Groffman et al. 2005) to reach-scale, in-stream

tracer tests at near-ambient concentrations (Mulhol-

land et al. 2004, 2008; Böhlke et al. 2004). The

approach taken dictates the specific relevancy of the

results; some are more revealing about the nature and

controls of the process itself, others more germane to

the hydrology and mass flux within the particular

environment.

Much less is known about in-stream nitrification

and its effect on nitrogen loads, particularly in

nitrogen-impacted streams. Nitrate is usually the

dominant fixed nitrogen species, so nitrification may

be overlooked as a potential contributor to nitrogen-

cycling. Indeed, in pristine watersheds in-stream

nitrification may be an important source of nitrate,

but not necessarily a major sink for ammonium. For

example, in a study of 16 headwater streams across

the US, in-stream tests with 15N[NH4
?] demonstrated

that nitrification rates were generally low, averaging

only 20–30% of the total 15N[NH4
?] uptake rate

(Peterson et al. 2001). However, ammonium concen-

trations can be controlled by cation exchange with

sediments (Duff and Triska 2000), potentially mask-

ing the true significance of nitrification based solely

on dissolved concentration. Nitrification can be

closely coupled with rates of ammonium production

(Starry et al. 2005) which can effectively maintain

low ammonium loads while steadily producing

nitrate. This could be particularly important if

ammonium was entering a stream via ground water

inputs. On the other hand, in watersheds with high

groundwater nitrate concentrations, in-stream nitrifi-

cation may not be important as a source of nitrate in

the stream. Nitrification could have an effect on

production and consumption of nitrite and nitrous

oxide, intermediates of the denitrification pathway

that may be present in nitrate-rich streams at low

concentrations.

Multiple scales of hydrologic and process-level

interactions are best examined using a variety of

approaches. To accomplish this at a specific study

site, a multidisciplinary team has been examining

nitrogen loads, nitrogen speciation, and nitrogen-

cycling processes within Sugar Creek and the

Iroquois River in the Midwestern US. These are

tributaries to the Illinois River; adjacent watersheds

that are heavily impacted by fertilized, row-crop

agriculture featuring tiled drainage. A patch-scale

assessment of nitrification and denitrification is

presented here using large volume, in-stream incu-

bation chambers in Sugar Creek, the smaller of the 2

stream channels. These processes were quantified in

the chambers using 3 techniques: (1) mass balance

with and without added nutrients; (2) incubations in

the presence of acetylene; and (3) tracking with 15N

tracers, with incubation times not exceeding 48 h.

The purpose of this study was to examine in situ rates
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of each process and the response to changes in nitrate,

nitrite, and ammonium concentrations and to provide

intermediate-scale results that link laboratory incu-

bations using sediment cores with reach-scale in-

stream tracer studies using 15N-enriched nitrate. The

chambers provided the opportunity to manipulate

stream constituent concentrations in situ, an approach

that is difficult to accomplish with reach-scale

experiments and that may have limited extrapolative

utility with sediment core incubations.

Methods

Study site

The study was conducted in Sugar Creek, a first to

third order tributary of the Iroquois River, draining

western Indiana and eastern Illinois (Fig. 1). The

Iroquois River watershed is dominated by row-crop

agriculture (corn and soybeans) that relies heavily

upon tiled drainage. This region is a major contrib-

utor to Mississippi River nitrogen loads entering the

Gulf of Mexico (Goolsby et al. 2001; Alexander et al.

2008). Nitrate concentrations in Sugar Creek ranged

from 34 to 1,192 lM (mean 550 lM) during

biweekly sample collection from February 2000 to

June 2002 (Antweiler et al. 2005b). Nitrate concen-

trations are strongly correlated with discharge; peak

values occur in late winter to early spring, lowest

values occur during low base flow in late summer.

This study was part of a larger project to examine

in-stream processes and their effect on dissolved

inorganic nitrogen (DIN) transport in Sugar Creek

and the Iroquois River (Böhlke et al. 2004, 2009;

Antweiler et al. 2004, 2005a, b; Smith et al. 2006a).

Sample site locations for this study were SC03 (near

the Highway 57 bridge) and an up-stream first order

reach (T2003) in which a reach-scale tracer test was

conducted (Fig. 1). The in-stream tracer test involved

a 12-h continuous injection in September 2003 of
15N-enriched nitrate and sodium bromide (plus gas

tracers), similar to one conducted in 2001 (T2001), as

previously described (Böhlke et al. 2004).

In-stream incubations

Incubation chambers were constructed from 0.6-m-

diameter (59 L), 0.6-cm-thick, clear acrylic, hemi-

sphere domes (Fig. 2). Two support bars (1.3-

cm-diameter PVC pipe) were attached (*15 cm

from the bottom, at right angles to each other) inside
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Fig. 1 Map of the Sugar Creek study site in the Iroquois River

watershed in western Indiana. Location of fixed sampling

stations are indicated and designated as SC01-SC10. The boxes

labeled ‘‘T’’ are the reaches in which in-stream tracer tests with
15N-nitrate were conducted in 2001 and 2003. Chamber

incubations for this study were conducted at SC03 and T2003
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the domes to provide rigidity and to support the

volume compensation bladder above the sediment-

water interface. Five 1.3-cm-diameter holes were

drilled through the acrylic. Two were fitted with

rubber stoppers that were penetrated with 16 ga.

syringe needles that were closed on the outside with

2-way syringe valves. These were used as the

sampling and mixing ports. Two other holes were

fitted with rubber stoppers that were penetrated with

1.6-mm-diameter porewater samplers constructed

from stainless steel tubing (Duff et al. 1998).

Norprene� tubing connected the open ends of the

porewater samplers to 2-way syringe valves. The fifth

hole was fitted with a rubber stopper penetrated with

6.3-mm-diameter copper tubing. On the inside of the

dome, this stopper was placed into the opening of a

5-L, aluminum-coated, Mylar� bag. The bag served

as a gas-impermeable volume compensation bladder

open to stream water outside of the dome.

The incubation chambers were installed in the

stream with the sampling ports and porewater sam-

plers removed and *1 L of water in the volume

compensation bladder. The chambers were inserted

5–10 cm into the sediment. Then, the sampling ports

and porewater samplers were put in place such that

the porewater sampling screens were located under

the center of the dome, one opposite the dome’s

bottom edge and the other 5 cm deeper. Concentrated

tracer solutions were added by 60 mL syringe and

mixed by withdrawing and reinjecting 60 mL ali-

quots through the sampling ports a minimum of 20

times. Tests with rhodamine and bromide indicated

that this provided sufficient tracer mixing within the

dome. Tracers used in various combinations were:

NaBr, KNO3, 15N[KNO3] ([98 atom %), KNO2,
15N[KNO2] (99 atom %), (NH4)2SO4, 15N[(NH4)2

SO4] (98 atom %), rhodamine and acetylene. Acet-

ylene was generated on-site from calcium carbide and

water; 1.2 L of the resulting acetylene/air mixture

was immediately added to each chamber.

At selected time intervals, for up to 44 h after

tracer addition, the chamber water was mixed (as

above) and sampled from the ports by syringe.

Samples (15 mL) for anion analysis (nitrate, nitrite,

chloride, bromide and sulfate) were filtered

(0.45 lm) and frozen. Samples for ammonium anal-

ysis (20 mL) were filtered (0.45 lm) into glass vials

and acidified with 50 lL of concentrated sulfuric

acid. Samples for nitrous oxide, methane, and acet-

ylene analysis (20 mL) were injected into a 30 mL

Porewater PortsSample Port

Mixing 
Port

Bladder

Support Bar

59 L Acrylic 
Dome

Syringe 
Valve

5-10 
cm

air

water

sediment

flow

Fig. 2 Diagram of the dome-shaped incubation chambers used in this study

192 Biogeochemistry (2009) 96:189–208

123



stoppered serum bottle that contained a helium

headspace and 0.27 mL of 12.5 N potassium hydrox-

ide. Samples for argon, oxygen, and nitrogen gas

analysis (15 mL) were collected with a glass syringe

and injected into either 5-mL test tubes that were

filled to over-flowing and fitted with a ground glass

stopper (in 2001) or into 20 mL stoppered serum

bottles that contained a helium headspace and 0.4 mL

of 18 N sulfuric acid (in 2003). Samples for stable

isotope analysis were collected less frequently

because of the larger volumes of water required.

Water was collected from the chambers using a

portable, variable-speed drill fitted with a peristaltic

pump head and filtered through a 0.45 lm Gelman

capsule filter cartridge. Isotope samples for nitrite

(500 mL) were preserved with 2 pellets of potassium

hydroxide in plastic bottles; for ammonium (125 mL)

with 0.42 mL of concentrated sulfuric acid in glass

bottles. Isotope samples for nitrate and nitrogen gas

(20 mL) were collected with a gas-tight glass syringe

and injected into 30 mL stoppered serum bottles

containing a helium headspace and 0.27 mL of

12.5 N potassium hydroxide. Small volume samples

(10 mL) were slowly collected (*5 mL min-1) from

the porewater samplers using a glass syringe and

preserved for anion and ammonium analysis.

Analytical techniques

Anions and ammonium were analyzed by ion chro-

matography (Smith et al. 2006b). Nitrous oxide,

methane and acetylene were analyzed by gas chro-

matography using a headspace equilibration tech-

nique (Brooks et al. 1992; Smith et al. 1993). Argon,

oxygen and nitrogen gas were analyzed by membrane

inlet mass spectrometry (MIMS) (Smith et al. 2006a)

in 2001 and by gas chromatography (Smith et al.

2005) in 2003. Sediment carbon and nitrogen

concentrations were determined on dried (50�C),

sieved, ground, sediment grain-size fractions using an

Exeter Analytical CHN analyzer (model CE440) at a

combustion temperature of 980�C.

The N-isotopic compositions of nitrate, nitrite,

ammonium and nitrogen gas were measured by

modifications of procedures described previously

(Böhlke et al. 2004, 2006, 2007; Smith et al. 2004,

2006a). Aliquots containing nitrate ? nitrite were

incubated with Pseudomonas aureofaciens to pro-

duce nitrous oxide, which was purged with helium,

trapped with liquid nitrogen, and then released for

analysis into a continuous-flow isotope-ratio mass

spectrometer (CFIRMS) (Sigman et al. 2001; Cas-

ciotti et al. 2002; Coplen et al. 2004). Nitrite was

separated for independent isotopic analysis by ion

chromatography (Böhlke et al. 2004) or by incubation

with Stenotrophomonas nitritireducens to produce

nitrous oxide from nitrite alone (Böhlke et al. 2007).

Ammonium was separated from water samples by

sorption onto ammonium-selective zeolite, which

was baked in sealed tubes with cuprous oxide ? cal-

cium oxide at 650�C to produce nitrogen gas for dual-

inlet mass spectrometry (Böhlke et al. 2006). The

isotopic content of nitrogen gas was measured in He

headspace samples from 30-mL serum bottles con-

taining approximately 15 mL of water. Headspace

was pressurized, released into a calibrated loop, then

flushed with He through a gas chromatograph into a

CFIRMS (Smith et al. 2006a). All nitrogen isotope

analyses were calibrated by analyzing synthetic

solutions containing isotopic reference materials for

each species by the same procedures as the samples.

Data were normalized to d15N values of ?0.7 % for

N2 in air-saturated water, ?0.43 % for IAEA-N1,

?4.7 % for IAEA-N3, ?180.0 % for USGS32, and

?4,731 % for IAEA-311.

Calculations and numerical simulations

Rate calculations for chamber incubations conducted

without using isotope tracers were based on linear

regression of concentration changes with time.

Nitrogen-cycling processes were assumed to be

benthic; rates are expressed as fluxes across the

sediment-water interface and have not been corrected

for any water column activity that might have

occurred within the chamber. For the purposes of

this paper, the term ‘‘measured’’ indicates a rate

calculated solely based on concentration change and

not corrected for changes in the conservative tracer

(bromide). If the latter adjustment has been made, the

rate is termed ‘‘bromide-corrected’’ and the assump-

tions regarding the composition of the diluting water

are given.

When 15N was used during chamber incubations,

rates of nitrogen cycling processes were determined

using a numerical spreadsheet reaction model to

simulate changes in concentration and isotopic com-

position of inorganic nitrogen species. The reaction
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model calculates these parameters at each time step

from 2 basic equations:

Ct ¼ Ct�Dt � Closs þ Cgain with

Closs ¼ Rateloss � Dt; and Cgain ¼ Rategain � Dt ð1Þ

x15Nt ¼ Ct�Dt � x15Nt�Dt

� �
� Rateloss �Dt � x15Nt�Dt

� ��

þ Rategain �Dt � x15Ngain

� ���
Ct ð2Þ

where C is the aqueous concentration in lmol N L-1,

t is time in hour, Dt is one time step (0.5–1 h), Closs is

the concentration decrease due to consumption inside

the chamber plus transport out of the chamber, Cgain

is the concentration increase due to production inside

the chamber plus transport into the chamber, Rate for

loss or gain is either a zero order rate constant

(lmol N L-1 h-1) or calculated from a first order rate

constant (h-1)�Ct, and x15N is the 15N/(15N ? 14N)

mole fraction. Isotope fractionation was not consid-

ered to be significant for the interpretation of the

isotope tracer results and was not included in the

models. Equations 1 and 2 were modified to accom-

modate the individual nitrogen species relative to the

particular 15N tracer that was added. Models for

chamber incubations with 15N[NO3
-] simulated

nitrate using Eqs. 1 and 2 and nitrogen gas (expressed

as N) from:

Ct ¼ Ct�Dt þ RateNO3 loss � Dt � fNO3 lossð Þ
þ RateN2 trans � Dtð Þ ð3Þ

x15Nt ¼ Ct�Dt � x15Nt�Dt

� ��

þ RateNO3 loss � Dt � fNO3 loss � x15NNO3; t�Dt

� �

þ RateN2 trans � Dt � x15NN2 trans

� ���
Ct ð4Þ

where fNO3 loss is the fraction of nitrate loss that is

reduced to nitrogen gas and RateN2 trans is the rate of

nitrogen gas transported into the chamber by water

movement. For most simulations, RateN2 trans was not

adjusted for bromide dilution, rather it was only

adjusted to compensate for internal concentration

changes not accounted for by denitrification. For

nitrate, the 15N mole fraction of the added N

(x15Ngain), which could be from nitrification or

leakage of stream water into the chamber, was

assigned to be 0.0037 (based on isotopic analyses

of ambient nitrate, ammonium, and PON), except for

the in-stream tracer test where x15NNO3 gain was 0.04

to account for the high 15N[NO3
-] present in both the

chambers and the stream channel. For nitrogen gas,

x15NN2 trans was assigned to be 0.00367, which is

approximately equal to those of stream water and

upwelling groundwater.

Simulations of the 15N[NO2
-] chamber incuba-

tions used Eqs. 1 and 2 for nitrite and Eqs. 3 and 4 for

nitrogen gas but with RateNO2 loss and f 1NO2 loss (rate of

nitrite loss and fraction of nitrite loss that is reduced to

nitrogen gas) substituted for RateNO3 loss and fNO3 loss.

Nitrate was simulated using equation 1 but substitut-

ing Cgain ¼ CNO3 prod þ CNO3 trans; where CNO3 prod is

nitrate production via oxidation of nitrite, CNO3 trans is

the concentration of nitrate transported into the

chamber by water movement, and CNO3 prod ¼
CNO2 loss � f 2NO2 lossð Þ; where f 2NO2 loss is the fraction

of nitrite consumed that is oxidized to nitrate. The

nitrate 15N mole fraction of CNO3 prod was equal to the

x15NNO2
at t - Dt while the 15N mole fraction of

CNO3 trans was assigned to be 0.0037.

For the chamber incubations with 15N[NH4
?],

nitrate and nitrogen gas were simulated as described

for the 15N[NO2
-] incubations. Ammonium was

simulated using Eqs. 1 and 2 but substituting

RateNH4 loss and fNH4 loss (rate of ammonium loss and

fraction of ammonium loss oxidized to nitrite) for

RateNO3 loss and fNO3 loss. Nitrite concentrations

were constant during this incubation (see Results).

Hence, RateNO2 prod was set equal to RateNO2 loss and

f 1NO2 loss þ f 2NO2 loss ¼ 1.

The variables in these reaction models were

adjusted in a trial and error best-fit sequence using

t0 measured values of nitrogen species concentrations

and isotopic compositions as initial values. Simula-

tions were done by first fitting the added 15N tracer

and finishing with the most distant reaction prod-

uct(s). Upper-limit simulations were obtained by

including additional gain and loss terms for nitrogen

gas assuming the bromide dilution rate represented

water coming into the chamber at t0 measured values

of nitrogen gas concentration and isotopic composi-

tion, with an equal volume of water leaving the

chamber at Dt with incremented values for nitrogen

gas concentration and isotopic composition.

Results

Chamber incubations (14 total) were conducted in

Sugar Creek at 2 locations to assess biogeochemical

nitrogen transformations and sediment-water fluxes
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in September 2001, June 2003, and September 2003,

periods typified by moderate- to low-base-flow dis-

charge, respectively (USGS 2008). Nitrate concen-

trations in Sugar Creek were 646 and 171 lM in June

and September (2003), respectively, while for the

same periods chloride concentrations ranged from

609 to 586 lM, and sulfate from 697 to 817 lM.

Concentrations of dissolved species in sediment

porewater varied considerably by site and date. In

general, nitrate was highest in the stream and

decreased with depth in the sediment porewater,

while ammonium was lowest in the stream and

increased with depth in the sediment (Fig. 3). Typ-

ically in the -5 to -10 cm interval the relative

concentrations of nitrate and ammonium reversed,

with ammonium being greater below and nitrate

greater above. Ground water beneath the hyporheic

zone generally has no measurable nitrate and large

amounts of excess nitrogen gas (Böhlke et al. 2004).

Chloride concentrations generally increased with

depth in the sediments, but the shape of the chloride

gradient varied considerably. In some cases the

concentration increase was large and immediately

below the sediment water interface, while in other

cases, the gradient was less pronounced and deeper,

below -10 cm (Fig. 3). Sulfate concentrations

were generally less variable with depth; the shallow

(0-10 cm) porewater sulfate concentration com-

monly was similar to the stream value.

Initial chamber deployments assessed changes in

nitrate and dissolved gas concentrations in September

2001 (Fig. 4) during a 22 h incubation period.

Companion incubations were conducted at ambient

(76 lM) and added (720 lM) initial nitrate concen-

trations. The total loss rate for bromide, which was

added as a conservative tracer, was 0.8 (±0.1) % h-1

and 0.6 (±0.1) % h-1 for the two experiments

(2–22 h; R2 = 0.93, 0.87, respectively). These bro-

mide concentration decreases are interpreted as a

result of either flux of bromide-free water into the

chamber and (or) loss of bromide by diffusion into the

sediment. For the ambient nitrate incubation, chloride

and argon gas concentrations were unchanged after

22 h, while total nitrate and oxygen concentrations

steadily decreased 1.4 (±0.1) and 3.3 (±0.2) % h-1,

respectively, and total nitrogen gas concentrations

increased slightly 0.15 (±0.09) % h-1. For the added

nitrate incubation, total chloride and argon gas

concentrations increased only slightly (\5% total),

while total nitrogen gas concentrations increased

steadily at 0.54 (±0.03) % h-1 and total nitrate

and oxygen decreased steadily at 1.4 (±0.1) and

2.7 (±0.07) % h-1, respectively. Oxygen concentra-

tions in the two chambers were 158 and 92 lM after

22 h for the ambient and added nitrate incubations,

respectively.

Determination of a bromide-corrected rate of

change during the chamber incubations for any given

nitrogen species is complicated because the source

of the bromide-free dilution water is unknown.

Hence, for nitrate and nitrogen gas, alternate calcu-

lations were made assuming the dilution was due to
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Fig. 3 Vertical profiles of dissolved nitrate (circles), ammo-

nium (squares), sulfate (stars) and chloride (triangles)

concentrations in the stream channel and sediment porewater

at the Sugar Creek study site in September 2001. Concentration

in the stream water is arbitrarily plotted at ?5 cm. Solid

symbols and lines are for samples collected with a USGS

minipoint porewater sampler (Duff et al. 1998) outside of an

incubation chamber. Open symbols and dashed lines depict

highest and lowest concentrations found from porewater

samples collected during the chamber incubations
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nitrate-containing stream water with air-saturated

nitrogen gas or nitrate-free ground water that con-

tained excess nitrogen gas (Table 1). These alternate

dilution water sources are considered to represent

end-member situations. As might be expected for the

ambient nitrate experiment, dilution with stream

water resulted in little difference between measured

and bromide-corrected nitrate loss rates, but dilution

with nitrate-free ground water resulted in a much

lower bromide-corrected rate. When nitrate was

added to the incubation chamber at a concentration

much higher than ambient, it acted more like the

bromide tracer; in that bromide-corrected loss rates

were both substantially lower than the loss rate based

solely on nitrate concentration change, regardless of

the source of the dilution water. The true rate of

nitrate consumption could have been higher for any

of these incubations because concentration changes

do not necessarily account for nitrate production

within the chamber. An increase in nitrogen gas

concentrations reasonably matched nitrate loss rates

for both the ambient and the added nitrate incubations

except when the assumption was made that ground

water was the source of the diluting water (Table 1).

In that case, the bromide-corrected rate of nitrogen

gas increase was substantially smaller than either the

measured rate of nitrogen gas increase or the

bromide-corrected rate of nitrate loss, or even a

negative value in the case of the ambient nitrate

incubation. There was an increase in dissolved

methane concentrations during both incubations (data

not shown), clearly indicating that some ground water

flux into the chambers from deeper zones did occur.

A similar set of chamber incubations was con-

ducted at the same stream site in September 2003,

this time using 15N-enriched nitrate. During these
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Fig. 4 Solute concentration changes, normalized to initial

concentrations, during the course of chamber incubation

experiments in Sugar Creek in September 2001 at ambient

nitrate (top) and added nitrate (bottom) concentrations (initial

nitrate concentrations as indicated). Sodium bromide was

added as a conservative tracer for both tests

Table 1 Comparison of rate calculations for nitrate loss and nitrogen gas production during chamber incubations in September 2001

based on different assumptions for the composition of the diluting water

Incubation condition Diluting watera Rate of nitrate lossb (lmol N m-2 h-1) Rate of N2 gainb (lmol N m-2 hr-1)

Ambient nitrate (76 lM) None 202 (21) 352 (226)

GW 86 -231

SW 204 354

Added nitrate (720 lM) None 1,877 (140) 1,165 (69)

GW 1,100 660

SW 1,182 1,172

a Rate calculations based on linear regression of concentration change within the incubation chamber with no correction for bromide

change (None), or assuming bromide dilution was due to input of groundwater (GW) with a composition of 0, 0, and 800 lM Br-,

NO3
-, and N2, respectively (Böhlke et al. 2004), or input of surface water (SW) with a composition of 0, 76, and 590 lM Br-, NO3

-,

and N2, respectively
b Brackets enclose standard error, n = 6
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incubations, chloride concentrations increased while

bromide concentrations decreased (Fig. 5), pointing

to a ground water input, and there was again an

increase in methane concentrations (data not shown).

However, coincidentally the 15N mole fraction in the

nitrate pool decreased by [10% during the first 20 h

of the ambient nitrate incubation (Fig. 6). This

decrease must have been due to either nitrate

production within the chamber or a flux of nitrate-

containing water coming in from outside the chamber

that was equivalent to 1.4 L h-1 of stream water.

Overall, the indication from both sets of experiments

(2001, 2003) is that a mixture of stream water and

ground water, with a likely additional contribution

from hyporheic water, results in dilution of the tracers

in the chambers. This makes it difficult to distinguish

nitrate movement into the chamber from nitrate

production within the chamber during an incubation.

Simulations of simultaneous nitrate loss and

isotope dilution via nitrate gain in the September

2003 incubation chambers were used to determine the

respective rates for each process. Best-fit solutions

were 1,368 and 779 lmol N m-2 h-1 for rates of

nitrate loss and gain, respectively, during the ambient

nitrate incubation and 3,800 and 76 lmol N m-2 h-1

for the added nitrate incubation (Table 2; Fig. 6). In

the latter case, the nitrate gain was too small to

appreciably affect the 15N-nitrate mole fraction even

after 40 h. There was also recovery of the tracer 15N

in nitrogen gas (Fig. 6); more for the added nitrate

incubation as compared to the ambient nitrate incu-

bation. However, in both cases the amount of 15N

recovered in nitrogen gas was substantially smaller
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than the 15N-nitrate loss during the same time period

(2.5 and 4.7% of the total). Rates of 15N[N2]

production (based on increased 15N mole fraction)

were 34 and 171 lmol N m-2 h-1 for the incuba-

tions conducted at 175 and 1,330 lM nitrate, respec-

tively, though in each case there was a net loss of

nitrogen gas from the incubation chambers based on

bulk concentration decreases (Table 2).

After 23 h, acetylene was added to the in-stream

chambers and the incubations continued for an

additional 21 h. Dissolved acetylene concentrations

were *700 lM and relatively constant with time.

The presence of the acetylene had little effect on

bromide, chloride, sulfate or nitrate concentration

trends (Fig. 5). There was a slight decrease in

nitrogen gas concentrations, presumably due to gas

stripping into the acetylene gas headspace that was

now present in the chambers. The presence of the

acetylene completely stopped 15N-labeled nitrogen

gas production at the lower nitrate concentration. For

the higher nitrate incubation, nitrogen gas production

was inhibited, but still occurred at about 29% of the

pre-acetylene rate (Fig. 6; Table 3). Prior to the

acetylene addition, there were relatively linear but

low rates of total nitrous oxide accumulation, 0.3 and

1.5 lmol N m-2 h-1 for the ambient and added

nitrate concentrations, respectively (Table 3). Those

rates increased markedly in the presence of acetylene

to 20.3 and 183.7 lmol N m-2 h-1. The nitrous

oxide production rates after the acetylene addition

were roughly similar (within a factor of 2) to the N2

production rates derived from isotope data prior to

the acetylene addition (Table 3).

Additional patch-scale comparisons of benthic

denitrification rates at ambient nitrate concentrations

were obtained by placing the incubation chambers in

areas of the streambed with different grain size

distribution and using 15N tracer (Table 4). An area

that was dominated with finer-grained material

(mainly medium sand) had a higher rate of net

nitrogen gas production (*2.9-fold) than did an area

of coarser-grained material (mainly coarse sand and

gravel). An area that appeared to be of mixed coarse-

and fine-grained material had a rate similar to that of

the coarse-grained site. These incubations were

conducted in the main channel and did not include

any rooted plants. The fine-grained sediment site had

the lowest total solid carbon and nitrogen concentra-

tions of any of the main channel sites testedT
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(Table 4). Simulations accounting for isotope dilu-

tion indicated greater nitrogen gas gain than could be

attributed to reduction of the 15N-enriched nitrate.

The source of the additional nitrogen gas could have

been from ground water or hyporheic water influx

into the chamber and (or) a nitrogen source other than

nitrate.

The efficacy of the in-stream incubation chambers

to quantify nitrogen-cycling processes was assessed

by comparison with an in-stream, reach-scale tracer

test using 15N-enriched nitrate. The test was con-

ducted at an up-stream location in Sugar Creek

(T2003; Fig. 1) that was shallower (z = 0.15 m) and

had lower nitrate concentrations (90 lM) than the site

for the previous chamber incubations (SC03; Fig. 1).

Tracers (bromide and 15N[NO3
-]) were continuously

added to the stream channel for 12 h (Böhlke et al.

2004, 2009). At a location 1,600 m down-gradient

from the injection site, a series of four smaller

volume (14.5 L) incubation chambers were simulta-

neously emplaced in the stream side-by-side,

capturing the tracers that had been released into the

stream at a fixed point in time. During a subsequent

8-h incubation, one chamber was sacrificed and

sampled at each consecutive time point. The 15N

mole fraction of dissolved nitrogen gas and total

tracer 15N within the chambers increased with time,

while the nitrate concentration decreased (Fig. 7).

The consistency of the concentration and isotope

trends during this in-stream test elucidates the

reproducibility of replicate chamber incubations.

During the incubation period the stream water nitrate
15N mole fraction increased (the chambers were

emplaced during the rising limb of the tracer

injection). Hence, the within-chamber increase was

likely due to a flux of 15N-enriched stream water

nitrate into the chamber during the course of the

incubation. Incubation chamber rates of net nitrate

loss and nitrogen gas production from 15N-labelled

nitrate were 532 and 213 lmol N m-2 h-1, respec-

tively (Table 5). Similar rates for these same pro-

cesses, 486 and 154 lmol N m-2 h-1, respectively,

Table 3 Denitrification rates based on N2O and 15N[N2] production in the presence and absence of acetylene for in-stream chamber

incubations conducted in Sugar Creek in September 2003a

Incubation condition N2O production rateb (lmol N m-2 h-1) 15N[N2] production ratec (lmol N m-2 h-1)

no C2H2 with C2H2 no C2H2 with C2H2

Ambient nitrate (175 lM) 0.3 (0.1) 20.3 (0.2) 34 0

Added nitrate (1,330 lM) 1.5 (0.3) 183.7 (13.8) 171 49

a Initial rates in the absence of acetylene determined for a 23 h incubation, after which acetylene was added to the chambers and the

incubation continued for an additional 21 h
b Rates calculated from a linear regression of nitrous oxide concentration increases for 0–23 h (no acetylene) and 29–44 h (with

acetylene) (see Fig. 5). Parentheses enclose standard error
c Simulated rates using the reaction model parameter values listed in Table 2

Table 4 Rates of 15N[N2] production and net N2 concentration change for in-stream chamber incubations conducted in Sugar Creek

in June 2003 in regions of visually differing sediment type

Sediment type at

incubation sitea
Sediment grain

size rangeb (%)

Sediment carbon

contentb (%)

Sediment

C/Nb
Production ratec (lmol N m-2 h-1)

15N[N2] Total N2

Fine 2/44/53/1 0.07/0.62/1.34/0.02 22/72/78/40 157 1,145

Mixed 1/8/39/52 0.05/0.13/1.41/1.79 19/27/77/59 117 421

Coarse 1/14/32/53 0.04/0.19/1.06/1.91 23/49/76/91 78 390

a Chamber incubation sites chosen based on apparent visual differences in sediment surface texture when deploying the chambers
bSediment analysis on samples collected from approximately 0–5 cm depth interval. Grain size fractions are:\0.125 mm, 0.125–0.5 mm,

0.5–2 mm, and[2 mm, respectively; percent by weight
c Simulated rates using the reaction model parameter values of 1,520 and 437 lmol N m-2 h-1 for RateNO3 loss and RateNO3 gain,

respectively, and 0.077 for fNO3 loss for 0 to 21 h incubations. Ambient nitrate concentration = 642 lM
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were determined from the concurrent reach-scale

tracer test for the sub-reach containing the chambers

(Table 5).

A composite comparison of all the chamber

incubation results from SC03 is shown in Fig. 8,

which includes ambient plus added nitrate incubation

results and the results of the acetylene block incuba-

tions. There were strong correlations between the rate

of measured nitrate loss and nitrate concentration and

between 15N-labelled nitrogen gas production and

nitrate concentration. Using the slope of the correla-

tion lines and the average water depth for the SC03

study site (z = 0.38 m), first order, in-stream rate

constants for measured nitrate loss, simulated nitrate

loss from the 15N incubations, and 15N-labelled

nitrogen gas production (as N) were calculated to

be 0.14, 0.15 and 0.007 day-1, respectively. Includ-

ing additional gain and loss factors for potential

nitrogen gas transport into and out of the chamber,

based on the bromide dilution rate, had a negligible

effect on the simulated rate of 15N[N2] production

(Fig. 8).

Incubations were also conducted using 15N-

enriched nitrite (Fig. 9) or ammonium (Fig. 10) to

determine in situ nitrification potential. The chamber

concentration for each of these solutes was higher

than ambient in-stream concentration, which was

\5 lM. Tracer 15N appeared in both nitrate and

nitrogen gas when added as either ammonium or

nitrite. Production rates for both products were higher

for the 15N-enriched nitrite incubation. Nitrate and

nitrogen gas production rates calculated from the

best-fit simulations (0–21 h) were 87 and 49 lmol

N m-2 h-1 from NO2
- and 0.7 and 0.6 lmol N m-2 h-1

from NH4
?, respectively. Only a small fraction

(0.4%) of the simulated ammonium concentration
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Fig. 7 Nitrate concentration and 15N mole fraction of

nitrate ? nitrite and nitrogen gas recovered from chamber

incubation experiments conducted in conjunction with an in-

stream tracer test featuring a 12-h continuous injection of

bromide and 15N[NO3
-] in September 2003. In-stream tracer

was captured at a single location in replicate, 14.5-L domes.

Each time point shown represents results from an individual

chamber, which was sacrificed when sampled. Solid lines are

simulations using the reaction model rate parameters listed in

Table 2

Table 5 Comparison of rates of nitrate loss and 15N[N2] pro-

duction for in-stream chamber incubations with an in-stream,

reach-scale tracer test in Sugar Creek in September 2003

Process Method of

measurement

Rate

(lmol N m-2 h-1)

Nitrate loss Chambera 532

Reachb 486
15N-labelled N2

production

Chambera 213

Reachb 154

a Simulated rates using the reaction model parameter values

listed in Table 2 for 0–8 h incubations
b Average simulated rates in a 1,250-m reach that included the

chamber incubation site during a concurrent reach-scale tracer

test with 15N[NO3
-] (T2003 in Fig. 1) (Böhlke et al. 2009).
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Fig. 8 Relation of rate of measured nitrate loss (squares), N2O

produced in the presence of acetylene (cross), or 15N[N2]

produced (triangles) with nitrate concentration during the

chamber incubation experiments at Sugar Creek site SC03.

Data include incubations conducted from September 2001,

June 2003, and September 2003. Solid symbols are rates

measured from linear regression of concentration changes

during incubation time course. Open symbols are rates that

include isotope dilution from best-fit simulations of experi-

ments conducted with 15N. Dashed line shows upper limit

effect on regression line for 15N[N2] when simulation includes

transport of nitrogen gas into and out of chamber at rate of

bromide concentration change
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decrease could be attributed to oxidization through

nitrite, while 28% of the nitrite concentration decrease

resulted in nitrate ? nitrogen gas production.

Discussion

Increasingly, quantification of nitrogen-cycling pro-

cesses in stream channels has taken an in situ

approach. This has primarily involved addition of

tracers into an open system coupled with down-

gradient sampling and analysis of conservative and

reactive constituents (e.g., Tank et al. 2000; Woll-

heim et al. 2001; Peterson et al. 2001; Mulholland

et al. 2004, 2008; Böhlke et al. 2004; Vidon and Hill

2004; Schade et al. 2005). This type of approach is

important because it enables assessment of biogeo-

chemical processes within the context of the physical,

chemical, and biological factors that control and

govern the function of the respective processes within

the environment. However, a major limitation of

working in an open system is the difficulty involved

with performing experimental manipulations and

isolating controlling variables. It is equally important

to be able to quantify process-level responses to

environmental perturbations and to do so with an in

situ perspective. In-stream incubation chambers pro-

vide such an opportunity. A parcel of water can be

captured, manipulated or altered, and the response in

both the sediment bed and the water column assessed

on short- to medium-length time scales. The results of

such tests can be particularly informative if combined

with in-stream, open channel tracer tests.

This study represents such a combined approach.

In-stream incubations were conducted in large-vol-

ume chambers that provided sufficient volume to

collect up to 1 L samples with time for isotopic

and dissolved ionic and gaseous constituent analyses.

The chambers provided the opportunity to alter the

ambient nitrate or ammonium concentrations and add
15N-enriched nitrate, nitrite, or ammonium, and they

provided a sufficiently large footprint for examining

the effect of the tracers on sediment porewater,

examine patch scale variability, and simultaneously

quantify fluxes of bulk and trace nitrogen species.
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Fig. 10 Change in concentration and recovery of tracer 15N in
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incubation experiment with added 15N[NH4
?] in Sugar Creek

during September 2003. Final ammonium concentration was

above ambient stream concentration. Solid lines are simula-

tions using the t0 measured values and the reaction model rate

parameters listed in Table 2
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Nitrate flux and denitrification

All chamber incubations conducted in Sugar Creek

resulted in a quantifiable decrease in nitrate concen-

tration inside the dome. Even ‘‘water-only’’ incuba-

tions in which the sediment was covered with a

plastic sheet resulted in a substantial nitrate decrease

in 24 h (1.5% h-1, data not shown). There was

clearly a large potential for nitrate consumption in

both the sediments and the water column of Sugar

Creek. For example, when challenged with more than

1,300 lM nitrate, the measured nitrate concentration

decrease was 3,560 lmol N m-2 h-1 (Fig. 8). This

net decrease includes both assimilatory and dissim-

ilatory nitrate-consuming processes. In addition, it

could also include nitrate production via nitrification

and influx of nitrate from outside the chamber.

Because denitrification is the major permanent

removal mechanism for fixed nitrogen from the

system, it is particularly important to distinguish that

process from any others that might contribute to

nitrate flux. In a few cases when nitrate was added

above ambient concentrations, an increase in the

measured nitrogen gas concentration was roughly

equivalent to the apparent nitrate loss (Table 1),

whereas in most cases nitrate loss rates were larger

than increases in nitrogen gas concentration. Collec-

tively, these concentration changes provide broad

limits for rates of denitrification, but the wide range

that they represent is largely unsatisfactory for

characterizing or simulating nitrogen cycling dynam-

ics, particularly for incubations conducted at ambient

nitrate concentrations. Two assay methods that were

used in conjunction with the chamber incubations

yielded improved estimates of denitrification rates.

These were the acetylene block method and the use of
15N-enriched nitrate.

Nitrous oxide production in the presence of

acetylene has been used in a variety of environments

to assess denitrification under in situ conditions

(Knowles 1990). In some cases the approach was

effective (Mosier et al. 1986; Joye et al. 1996;

Holmes et al. 1996; Bernot et al. 2003), in others it

was not (Kemp et al. 1990; Knowles 1990; Arah et al.

1993; Seitzinger et al. 1993; Bollmann and Conrad

1997; Watts and Seitzinger 2000; Smith et al. 2004).

In Sugar Creek, at the ambient nitrate concentration

(175 lM) acetylene completely stopped 15N-labelled

N2 production and the rate of nitrous oxide

production after the acetylene addition was slightly

lower than the pre-acetylene 15N-labelled nitrogen

gas production rate (Table 3). Because acetylene also

blocks nitrate production via nitrification (Knowles

1990), the latter result indicates that coupled

nitrification-denitrification was not a major source

of the Sugar Creek N2 production during the incu-

bation. However, at the high nitrate concentration

(1,330 lM), the acetylene block was not completely

effective (Fig. 6). Incomplete acetylene blockage of

nitrous oxide reduction has been found when nitrate

concentrations are relatively low or sulfide is present

(Oremland et al. 1984; Knowles 1990). Yet neither

situation was relevant for this incubation. It is not

clear why the block was only partially effective, but

the result suggests that if it is related to the nitrate

concentration, then incubations with acetylene may

not be appropriate for the full range of nitrate

concentrations found in Sugar Creek or in similar

streams. The total rate of N2O ? 15N-labelled N2

production during the high nitrate incubation in the

presence of acetylene (232.7 lmol N m-2 h-1) was

comparable to the total prior to the acetylene addition

(172.5 lmol N m-2 h-1). For perspective, we note

that the difference between the acetylene and
15N[NO3

-] incubation results in Sugar Creek were

small in contrast to a large difference between the 2

methods ([20-fold) found using natural gradient

tracer tests in a sand and gravel aquifer (Smith et al.

1996, 2004).

Although considerably more involved analytically,

the use of 15N-enriched nitrate has some distinct

advantages over using the acetylene block method to

assess nitrate consumption. These include minimal or

no impact on nitrification (or any other process

affected by acetylene), maintaining the appropriate

electron stoichiometry (per nitrate-N reduced to N2-

N), and the ability to simultaneously assess dissim-

ilatory nitrate reduction to ammonium. Perhaps the

greatest advantage is the ability to quantify ‘‘new’’

nitrate gain via isotope dilution. This provides the

capacity to determine the actual turnover of the

nitrate pool. A similar situation occurs during the in-

stream tracer tests (Böhlke et al. 2004). The ‘‘new’’

nitrate may be the result of either in-place nitrifica-

tion or physical nitrate flux (by advection or diffu-

sion) into the chamber. The differences in reaction

rates computed by the different methods can be

important. For example, in one chamber incubation
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the rates of measured nitrate loss, bromide-corrected

nitrate loss assuming dilution with nitrate-free water,

and the simulated nitrate loss (which simultaneously

fits the nitrate concentration, the nitrate 15N mole

fraction and the production of 15N-labelled N2) were

486, -365, and 1,368 lmol N m-2 h-1. The differ-

ences are likely due to an influx of nitrate-containing

water into the chamber during the course of the

incubation, which can only be quantified by tracking

the isotopic mole fraction of the 15N tracer.

The 15N incubations indicated that nitrate turnover

in Sugar Creek was an active process. The estimated

turnover time for the base flow nitrate pool at SC03

for June-September using the simulated 15N incuba-

tions was 6.6 days (6.9 days when based on measured

nitrate loss; calculated as reciprocal of the first order

rate constants derived from Fig. 8). Even though

denitrification rates were high, only a relatively small

portion of the nitrate loss (*2%) was due to nitrate

reduction to nitrogen gas (Fig. 8). The substantial

decrease in nitrate concentrations during the course

of the incubations (Figs. 4, 5, 6, 8) indicated that

nitrate was being actively consumed; nitrate turnover

was not simply movement of stream water into and

out of the incubation chamber. Indeed, the 24-h

nitrate concentration decrease in the closed-bottom

‘‘water-only’’ chamber was 63% of the nitrate

concentration decrease in open-bottom chambers.

Assimilatory nitrate uptake associated with primary

and secondary productivity was clearly a major

contribution to the apparent total nitrate loss. While

assimilatory uptake may only represent a short-term

DIN loss to the stream system, this rapid rate of

uptake implies that a nearly equal and rapid rate of

nitrate ‘‘return’’ must be functioning to keep the

stream water nitrate concentrations from significantly

decreasing or even disappearing with downstream

transport. Thus, discerning the relative contributions

of ground water input and in-stream mineralization of

organic N to this nitrate ‘‘return’’ mechanism is an

important next step, but difficult to do on the basis of
15N[NO3

-] tracer tests in gaining reaches like the

Sugar Creek tracer study sites (Böhlke et al. 2004).

Evidence for nitrification

Nitrate was the predominant inorganic nitrogen

species in Sugar Creek. Ammonium concentrations

did not exceed 15 lM during a 2-year biweekly

sampling period (Antweiler et al. 2005b) and gener-

ally were\5 lM during the chamber experiments. In

contrast, porewater ammonium concentrations

exceeded nitrate concentrations below about 5 cm

beneath the sediment-water interface for many of the

chamber deployment experiments at SC03 (Fig. 2).

The total (sorbed ? dissolved) ammonium pool rep-

resents a potentially large source of DIN that could be

entering the stream as nitrate via nitrification, if it

were occurring in the oxic surface sediments. Cou-

pled nitrification/denitrification has been shown to be

a major source of N2 produced in some aquatic

environments, particularly when dissolved nitrate

concentrations are low (Jenkins and Kemp 1984;

Seitzinger 1988; Kemp et al. 1990). As noted above,

direct comparison of denitrification rates based on
15N[N2] production in the presence of acetylene in

the incubation chambers (Fig. 6; Table 3) provided

evidence that nitrification was not a major short-term

N2 source in Sugar Creek. Likewise, Smith et al.

(2006a) concluded that coupled nitrification/denitri-

fication was not the major source of N2 production by

comparing the results of two different analytical

techniques (N2/Ar measurements vs. 15N-labelled N2

production from 15N[NO3
-]) during sediment core

incubations to assess denitrification. These compar-

ative approaches are capable of quantifying tightly

coupled nitrification/denitrification, but they do not

provide direct measurements of total nitrification

independently of denitrification.

Ammonium consumption and nitrification were

assessed independently by using 15N[NH4
?] and

15N[NO2
-] as tracers in the incubation chambers.

The ammonium tracer results indicate that while

nitrification was active in Sugar Creek, the rate of

oxidation was relatively low compared to the overall

decrease in ammonium concentration. Some of the

apparent ammonium loss may have been due to

sorption onto the shallow sediments, where back-

ground ammonium concentrations were relatively

low. But it is also considered likely that some fraction

of the ammonium loss was due to assimilation into

biomass. For both the nitrite and ammonium incuba-

tions, 15N[NO3
-] production rate was higher than

15N[N2] production rate. This likely reflects greater

contact of the tracer, which was added to the water

column, with the oxic surface sediment layer as

opposed to deeper anoxic, denitrifying sediment

zones. Thus, the result does not necessarily indicate
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that system-wide nitrification rates exceed denitrifi-

cation rates, but rather that the most likely nitrite

consumption mechanism in the top few centimeters

of the sediments is nitrification. These results are

consistent with a reach-scale isotope tracer experi-

ment in Sugar Creek in which NO2
- appeared to have

a major source that was independent of denitrification

(Böhlke et al. 2004). Interestingly, in the incubation

to which ammonium was added, there was a

substantial and simultaneous decrease in both the

ambient nitrate and the added ammonium concentra-

tions. Recent studies in marine and estuarine systems

have demonstrated the importance of anaerobic

ammonium oxidation coupled to nitrate/nitrite reduc-

tion, or anammox, in those environments (Dalsgaard

et al. 2003; Trimmer et al. 2003, 2005; Arrigo 2005).

While little is known about the potential for anam-

mox in freshwater systems, the potential significance

of that process in environments that might have

mixing of oxic and anoxic waters (e.g., nitrate-

containing stream water with ammonium-containing

ground water) needs to be considered.

Rate comparisons

Denitrification rates in main channel sediments of

Sugar Creek ranged from 34 to 212 lmol N m-2 h-1

for June and September based on simulations of
15N[N2] production in the chamber incubations.

These rates were in the lower end of the range (50–

3,936 lmol N m-2 h-1) found by Smith et al.

(2006a) for sediment cores collected from the same

Sugar Creek location and incubated in the laboratory

with re-circulated water. The highest rates reported

by Smith et al. (2006a) were for cores containing

rooted aquatic vegetation and related organic-rich

surficial sediments, which were not present in the

chambers during the current study. In the core

incubations, diffusion is the main mechanism for

solute movement across the sediment-water interface,

whereas advection between the sediments and water

column may be more prevalent within the in situ

incubation chambers. The chamber denitrification

rates agree reasonably well with those from in-

stream, reach-scale tracer tests conducted in Sugar

Creek with 15N-enriched nitrate (213 vs.

154 lmol N m-2 h-1; Böhlke et al. 2009; Table 5).

The latter represents a reach-averaged rate and

integrates the variety of sediment types and

hyporheic flow situations found within the reach.

Smith et al. (2006a) and Böhlke et al. (2004, 2009)

have discussed Sugar Creek denitrification rates

relative to those found in other systems. In general,

the rates in Sugar Creek in June and September are

high to very high and are presumed to reflect the high

rates of primary production of reactive organic matter

and large loads of nitrogen in this system.

In this study, denitrification in Sugar Creek was

only weakly correlated with in-stream nitrate con-

centration but was higher in regions dominated by

fine-grained material. In contrast, there was a strong

correlation between the rate of nitrate loss and nitrate

concentration (Fig. 8). This difference could reflect a

limitation on the transport of nitrate to the deeper

anoxic sediments where denitrification was occurring.

High nitrate removal rates by assimilatory processes

in shallow oxic sediments and hyporheic flow into the

incubation chambers would limit the actual nitrate

concentration present in the denitrifying zone. The

combination of these two effects would tend to mute

or mask a direct link between stream water nitrate

concentration and benthic denitrification. Indeed,

when these two factors are substantially reduced or

removed, such as in core incubations, there then is a

positive correlation between water column nitrate

concentrations and denitrification (Smith et al.

2006a), though even in that situation the relation

was still highly variable. This suggests that extrap-

olation of benthic denitrification rates based on

changes in stream water nitrate concentrations and

laboratory dose/response relations should be done

with caution; changes in the in situ pathways or

processes responsible for nitrate delivery to the

denitrification zone could be equally important and

perhaps even dominate the in situ response.

The nitrification rate indicated by the ammonium

chamber experiment (3.5 lmol N m-2 h-1 of ammo-

nium oxidized to nitrite) was much lower than typical

denitrification rates measured in Sugar Creek. As

these incubations were conducted with added ammo-

nium, it is likely that nitrification rates at ambient

ammonium concentrations would be even lower. In

comparison, nitrification rates measured in other

studies using both in-stream and microcosm incuba-

tions typically range from 0 to 300 lmol N m-2 h-1.

Most measurements using sediment incubations or

from nitrogen-impacted streams fall in the range of

50–150 lmol N m-2 h-1 (Sheibley et al. 2003;
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Starry et al. 2005; Duff et al. 2008), while rates in

nutrient-limited, temperate headwater streams using

reach-scale tracer experiments with 15N[NH4
?] are

much lower at 0–5 lmol N m-2 h-1 (Tank et al.

2000; Peterson et al. 2001). In this study, when

ammonium was added as a tracer, rates of nitrite

oxidation to nitrate approximately equaled simulta-

neous rates of nitrite reduction to nitrogen gas. Thus,

about 18% of the ammonium oxidation resulted in

tightly coupled nitrification/denitrification (or possibly

anammox), 20% resulted in nitrate production, and

the remainder was consumed via other nitrite loss

processes. It is important to note that the ammo-

nium oxidation rate was substantially smaller than the

simulated rates of nitrate addition from the 15N[NO3
-]

incubation experiments (Table 2). When nitrite was

added, all nitrite consumption processes were stimu-

lated, but oxidation of nitrite to nitrate was stimulated

to a greater extent than the others. Based on simulations

that account for ammonium concentration decrease

and isotope dilution, the net rate of ammonium loss in

Sugar Creek was considerably higher ([250 times)

than the rate of ammonium oxidation. Although some

portion of the loss may have been due to sorption onto

sediments, it does appear that in the short-term,

ammonium assimilation is considerably greater areally

than ammonium oxidation. Similar results have been

reported for a variety of headwater streams using in-

stream 15N[NH4
?] injection tests (Tank et al. 2000;

Peterson et al. 2001). At the same time, dilution of the

ammonium isotope tracer indicates that ammonium

input (from ground water or sediment-water exchange)

and (or) production were also important processes. The

low ammonium concentrations in the sediment pore-

water suggest that production via mineralization in the

sediments was the more significant contributing factor.

The calculated ammonium addition rate was

114 lmol N m-2 h-1 (Table 2), or 12% of the loss

rate and [30 times the oxidation rate for the added

ammonium. If the tracer additions did not have a short-

term effect upon ammonium production, then this

addition rate would approximate the in situ rate of

ammonium turnover within the surface sediments

under the ambient concentrations present at the time

of the incubation.

Chambers have been used many times to assess

benthic metabolism and sediment-water fluxes; most

commonly in lentic environments. In flowing or

lotic waters, benthic oxygen respiration is often

assessed in closed chambers with recirculation

systems (Bott et al. 1978, 1997; Fellows et al.

2001). Another approach used in situ open-ended,

flow-through chambers to include hyporheic contri-

butions to whole-stream oxygen respiration (Uzarski

et al. 2001, 2004). However, in situ chambers have

rarely been used to assess nitrogen-cycling dynamics

in streams and rivers. In general, it appears that the

in-stream incubation chambers, with their relatively

large sediment surface area (compared to cores) and

ability to hold a parcel of water in place under in

situ physical conditions are a smaller scale, cost-

effective alternative to reach-scale tests. The cham-

bers remove some types of uncertainty associated

with reach-scale tests, such as the need to quantify

gas-transfer velocities across the air–water interface

(Böhlke et al. 2004). In this study many of the

nitrogen cycling features assessed using the chamber

incubations reflected what has been found with in-

stream tracer and other studies. For example, the

relative ratio of denitrification to nitrate uptake falls

within the range reported from in-stream tracer tests

conducted in a broad-based study (LINX II) encom-

passing 72 streams from a diverse range of biomes

and land use types (Mulholland et al. 2008). Though

the correlation in the latter was highly variable, the

median nitrate removal via denitrification was 16%.

The benthic denitrification rates assessed within the

chambers fit well within the LINX II range of rates

and within the range of rates assessed within Sugar

Creek using a variety of assessment methods

(Böhlke et al. 2009; Mulholland et al. 2008).

Likewise, as noted above, the rate of nitrification

matches relatively well with previously reported

nitrification rates measured with in-stream tracers.

However, the chambers are not without limitations.

Though the design allows advection and diffusion

across the sediment-water interface, total water

movement could be either restricted or enhanced

in areas of active hyporheic flow. Thus, rates could

be affected by alteration of the residence time of

nitrate, oxygen, or other species within the sed-

iments.

In summary, in-stream incubations in large volume

chambers were used to determine rates of nitrification

and denitrification in a nitrate-rich stream that has

been heavily impacted by agricultural drainage. The

incubation chambers provided a patch- or intermedi-

ate-scale response to experimental alteration of
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stream-water chemistry and provide a bridge between

whole-stream tracer tests and laboratory incubations

conducted with cores or sediment grab samples. The

incubation results indicated high rates of denitrifica-

tion and generally much lower rates of nitrification.

Yet the down-stream inorganic nitrogen loads (pri-

marily nitrate) did not decrease systematically (Ant-

weiler et al. 2004). Assuming that nitrogen burial

rates are small relative to these large loads, this

implies that ground water inputs of nitrogen are

needed to compensate for losses due to denitrifica-

tion; a conclusion similar to one reached by Böhlke

et al. (2004) based on in-stream tracer tests.

Even though denitrification rates in Sugar Creek

were high, it is important to emphasize that the rates

of net nitrate and ammonium consumption were even

higher, up to several-fold higher. The relatively small

changes in down-stream nitrogen loads do not mean

that nitrogen was being transported conservatively.

Clearly, biogeochemical nitrogen cycling was occur-

ring rapidly within the stream channel relative to

downstream transport. In particular, the dynamics of

the organic nitrogen pool appear to be significant.

The chamber incubations demonstrated simultaneous

inorganic nitrogen consumption and addition, not all

of which could be attributed to ground water inputs.

Losses of inorganic nitrogen due to assimilation into

organic forms must have been at least partially offset

by concurrent organic nitrogen mineralization. The

turnover and flux of organic nitrogen in Sugar Creek

and other nitrate-impacted stream channels, the

relation to productivity and other carbon cycling

processes, as well as the role of hydrologic dynamics

are topics that need further study. A clear under-

standing of all aspects and linkages of nitrogen-

cycling processes in watersheds draining agricultural

regions is needed to determine the role that these

systems have in controlling nitrogen flux to sensitive

coastal environments.

Acknowledgments We thank Jenny Baeseman for field

assistance, Lesley Smith for MIMS analysis, Judson Harvey

for collecting the minipoint porewater samples, and John Duff,

Craig Tobias, and Andrew Laursen for manuscript reviews.

This study was supported by the US Geological Survey, Water

Resources Discipline, National Research Program and by a US

Dept. of Agriculture, Cooperative State Research, Education,

and Extension Service Competitive Grant (#2001-35102-

09870). The use of trade or product names in this report is

for identification purposes only and does not constitute

endorsement by the US Geological Survey.

References

Alexander RB, Smith RA, Schwarz GE, Boyer EW, Nolan JV,

Brakebill JW (2008) Differences in phosphorus and

nitrogen delivery to the Gulf of Mexico from the Mis-

sissippi River basin. Environ Sci Technol 42:822–830

Antweiler RC, Smith RL, Voytek MA, Böhlke JK, Richards
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