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Abstract:

Background aqueous chemistry and 15Nnitrate tracer injection methods were used to calculate in-stream nitrate uptake metrics at
Red Canyon Creek, a third-order stream in the Rocky Mountains in the state of Wyoming, United States. ‘Net’ nitrate uptake
lengths, which reflect both nitrate uptake and regeneration, and ‘gross’ nitrate uptake lengths, which exclude re-mineralization,
were quantified separately from background nitrate chemistry and 15N labelling tracer data, respectively. Gross nitrate uptake
lengths, from tracer injections of 15N labelled nitrate, ranged from 502 to 3140 m. Net nitrate uptake lengths, from background
nitrate chemistry downstream of a point source, ranged from 1170 to 4330 m. Diurnal changes in uptake lengths suggest the
importance of nitrate utilization by autotrophs in the stream and benthic zone. The differences between net and gross nitrate
uptake lengths along lower reaches of Red Canyon Creek allowed us to estimate the nitrate regeneration rate, which was
0Ð056–0Ð080 µmol m�2 s�1 during the day and 0Ð0062–0Ð0083 µmol m�2 s�1 at night. Spatial patterns of streambed pore
water chemistry indicate those areas of the hyporheic zone where denitrification was likely occurring. Permanent log dams
generated stronger redox gradients in the hyporheic zone than areas with transient beaver dams. By combining isotopically
labelled nitrate additions, estimates of uptake from background aqueous nitrate chemistry and characterization of redox
conditions in the hyporheic zone, we were able to determine the nitrate regeneration rate and the redox processes responsible
for nitrogen cycling in the hyporheic zone. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Anthropogenic inputs of nitrogen to the environment
are now equal to or exceed those of naturally fixed
nitrogen (Galloway and Cowling, 2002; Rockstrom et al.,
2009; Schlesinger, 2009). Headwater Rocky Mountain
catchments are important areas of study for nitrogen
dynamics because high-altitude streams have recently
shown increased inorganic N in wet deposition (Fenn
et al., 2003a,b; Burns, 2004). Large increases in inorganic
N deposition have the potential to shift historically N-
limited ecosystems toward N-saturation or reduced N-
removal efficiency (Earl et al., 2006; Hall et al., 2009b).
The increased export of inorganic N, such as nitrate,
due to increased wet deposition in headwater catchments
will translate to greater inorganic N in larger rivers
(Williams et al., 2001). Headwater streams are crucial
sites of nutrient cycling and transport, comprising nearly
85% of total stream length in a given drainage network
and serving as collection points of water and dissolved
nutrients from terrestrial sources (Peterson et al., 2001).
These streams play a disproportionately large role in N
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transformation at the landscape scale relative to their
small size compared to larger rivers. It has been estimated
that nearly 40% of nitrogen chemical species are lost
to denitrification in river systems before they can reach
the oceans (Seitzinger, 1988; Burns, 1998; Seitzinger
et al., 2002). Understanding the complexities of nitrogen
cycling in aquatic ecosystems, and particularly headwater
streams, is essential in order to predict effects of nitrogen
loading on downstream ecosystems (Duff and Triska,
2000).

Nearly all nitrogen transformations (e.g. nitrification
and denitrification) occurring in stream ecosystems are
controlled by biota (Duff and Triska, 2000). Transforma-
tions of nitrogen in the water column include assimila-
tory uptake and adsorption. Transformations of nitrogen
also readily occur in the hyporheic zones of streams due
to the variable redox conditions and microbial commu-
nities typically present in streambed sediments. Rela-
tively pristine Rocky Mountain streams typically have
higher streambed complexity and thus greater hyporheic
exchange than those streams that have been physically
altered by anthropogenic activities. Hyporheic exchange
in mountain streams has caused nitrate demand to be
higher than otherwise expected (Hall et al., 2009a). The
increased hyporheic storage in the less-disturbed streams
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should correspond to greater N removal and transforma-
tion in zones of hyporheic exchange or dead zone storage
(Gooseff et al., 2007). In order to fully understand the
impact of the introduction of anthropogenic nitrogen to
Rocky Mountain stream systems, we must first under-
stand the processes that transform and remove nitrogen
species from these systems.

In-stream nitrogen addition tracer tests are a tool
commonly used to understand nitrogen cycling in stream
ecosystems. Nitrogen addition tests have been used to
determine nutrient (e.g. nitrate or ammonium) uptake
rates and lengths in streams throughout the United
States (Mulholland et al., 2002, 2008; Hall et al., 2009b).
For example, the Lotic Intersite Nitrogen eXperiment
II (LINX II) project, a multi-site study of nitrogen
uptake and transformations in different aquatic settings in
different geographic regions of the United States has used
tracer addition tests with isotopically labelled nitrate to
measure nitrate uptake within study reaches (Mulholland
et al., 2008). In-stream nutrient cycling can be described
using the ‘nutrient spiral’ concept, which is defined as the
total longitudinal distance a nutrient molecule travels as it
makes one complete cycle from the dissolved inorganic
phase within the water column, through the ecological
component of the stream, and back to the dissolved
inorganic phase (Newbold et al., 1981; Stream Solute
Workshop, 1990; Mulholland and DeAngelis, 2000). A
stream’s nitrate uptake length (Sw) takes into account
the additive effects of biological, chemical and physical
processes that transform and remove nitrate from water.
Sufficiently short in-stream nutrient addition tracer tests
(e.g. <24 h) assume re-mineralization of tracer nutrients
from the ecological pool is minimal and hence observed
loss of the nutrient from stream water is attributed to the
various uptake pathways (Payn et al., 2005).

Hydrological factors (e.g. discharge and velocity) and
biological factors (e.g. microbial and autotrophic pro-
cesses) affect nutrient spiralling. Nutrient uptake length is
typically shorter in low-order streams due to lower stream
velocity that results in longer solute residence time and
greater solute contact time with biologically active sedi-
ments (Ensign and Doyle, 2006). Headwater streams also
tend to have increased water residence time and solute
retention due to increased surface–ground water interac-
tions in the hyporheic zone (Valett et al., 1996; Alexander
et al., 2000).

In our study, we characterized uptake lengths of nitrate
in a small headwater stream in the Rocky Mountains
using both 15Nnitrate addition tracer tests and background
nitrate chemistry. We demonstrated how a point source
of nitrate can be used to determine ‘net’ nitrate uptake
length, which includes the combined effects of uptake
and regeneration processes. We demonstrate how the net
uptake length is compared to the more typically reported
‘gross’ nitrate uptake length, which excludes mineraliza-
tion and is derived from in-stream isotope addition tests
during day and night. We also evaluated the potential
for nutrient transformations in the hyporheic zone around

in-stream dams and link nitrate uptake to rates of ecosys-
tem metabolism. The objectives of this study were to:
(1) calculate and compare nitrate uptake parameters from
background chemistry and isotopic injection methods at
the study site and (2) investigate the impact of a man-
made dam and beaver dam on hyporheic exchange and
subsequent effects on nitrogen cycling.

SITE DESCRIPTION

The study sites included three reaches within the Red
Canyon Creek Watershed, which is located in a semi-
arid region of central-western Wyoming, United States
(Figure 1). The Red Canyon Creek watershed encom-
passes 80 km2, draining into the Little Popo Agie River
approximately 15 km southeast of Lander, Wyoming.
Red Canyon Creek is a third-order stream underlain pri-
marily by bedrock consisting of carbonate, siltstone, shale
and sandstone (Jin et al., 2010).

Our study area included three reaches with varying
morphology and density of in-stream dams (Table I,
Figure 1). The furthest upstream experimental reach
(Reach C) was located upstream of the confluences of the
main stem of Red Canyon Creek with Cherry Creek, the
main tributary, and Barrett Creek (Figure 1). The second
experimental reach (Reach B) was located immediately
downstream of the confluence of Cherry Creek and Red
Canyon Creek (Table I, Figure 1). Reach B contained
several debris dams, log dams and beaver dams. The
third experimental reach (Reach A) (Table I, Figure 1)
was located near the outlet of the Red Canyon Creek
watershed along a reach that has been the subject of
previous research (Lautz and Siegel, 2006, 2007; Lautz
et al., 2006). Reach A contained one log dam and one
beaver dam, which are locations where we conducted
a more detailed investigation of nitrate dynamics in the
hyporheic zone.

METHODS

15N tracer addition experiments

A total of three independent 15NO3
� addition tracer

tests were completed on the three separate study reaches.
The 15NO3

� addition experiments were done in sequence,
starting at the most downstream reach (Reach A) and
working upstream in order to ensure that the earlier exper-
imental additions did not affect the later experiments.
Each of the 15NO3

� addition tests was designed to follow
modified LINX II protocols (Mulholland et al., 2008).
This study focused on calculating nitrate uptake length
(Sw) using 15N tracer injections.

To obtain background nitrate concentrations and nitro-
gen isotopic ratios in the stream water and groundwa-
ter within the three study reaches, pre-addition sampling
was conducted 1 h prior to the injection of the isotopic
tracer. Pre-addition sampling of groundwater included
eight streamside monitoring wells and piezometers in
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Figure 1. Site map of Red Canyon Creek experimental reaches

the meadow adjacent to Reach A (Figure 1). Along
Reach A, the streambeds around a new beaver dam (con-
structed between August 2007 and June 2008, before the
tracer experiments) and a previously studied log dam
(constructed in 1993) were instrumented with in-stream
mini-piezometers (Figure 1). Six 1Ð6 cm inner diame-
ter PVC mini-piezometers were installed (three upstream
and three downstream) surrounding each dam. The mini-
piezometers were screened from 20 to 30 cm below the
streambed. To obtain pre-tracer addition water chemistry
of the hyporheic zone adjacent to the dams, water sam-
ples were collected from each of the mini-piezometers
prior to the start of the tracer experiment in Reach A.

During the in-stream tracer tests, a conservative flu-
orescent dye, Rhodamine Water Tracer (RWT), was
co-injected with the isotopically labelled nitrate tracer.
Nitrate was co-injected in the form of 98% 15N-enriched
potassium nitrate solution (K15NO3), purchased from
Sigma-Aldrich. For each of the three experiments, the

tracer solution of RWT and K15NO3 was injected at a
constant rate of 20 ml min�1 for 24 h with a target υ15N
value of C2000‰ or greater. For each experiment, the
injection solution was introduced to the stream upstream
of a turbulence structure to ensure complete mixing of the
solution and stream water. Each 15NO3

� addition exper-
iment commenced at 14 : 00 on ‘Day 1’ of the test. For
each experiment, 10 in-stream points positioned longitu-
dinally along the study reach (Figure 1) were sampled
three times: twice during the injection and once 24 h
after the injection was terminated. Sampling during the
injection was completed at 2 : 00 and at 13 : 00 on ‘Day
2’. Post-injection sampling was done at 13 : 00 on ‘Day
3’. All samples were field filtered with a pre-combusted
Whatman GF/C 1Ð20 µm filter, transferred into 250 ml
high-density polyethylene (HDPE) bottles and frozen.
These frozen samples were subsequently shipped to the
laboratories at SUNY-ESF and the University of Calgary
for chemical and isotopic analyses, respectively.
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Table I. Characteristics of individual study reaches along Red Canyon Creek and date of experimental injection with 15N. Locations
of the reaches are shown in Figure 1

Reach A Reach B Reach C

Date of Injection
experiment

24 June 2007 26 June 2007 28 June 2007

Metabolism dates 23 June to 25 June 2007 26 June to 28 June 2007 29 June to 1 July 2007
Reach length (m) 677 734a 744
Average daytime

discharge on day of
injection (l s�1)

182 200 59

Average night-time
discharge on day of
injection (l s�1)

158 154 54

Major stream water ions Ca2C, SO4
2� and HCO3

� Ca2C, SO4
2� and HCO3

� Ca2C and SO4
2�

Average background
nitrate concentration at
time of experiment
(µmolc l�1)

0Ð71 1Ð30 0Ð17

kO2 (day�1) 49 46 74
Water velocity (m s�1) 0Ð17 0Ð15 0Ð22
Measured incoming

shortwave radiation
(MJ m�2 s�1)b

33 (25 June 2007) 16 (27 June 2007) 32 (29 June 2007)

Stream temperature range
(°C)c

11Ð4–23Ð7 10Ð5–21Ð4 14Ð7–23Ð7

Number of debris/log
dams

1 4 0

Number of beaver dams 1 2 0

a Metabolism was measured over the first 593 m of this reach.
b Values are reported for the day on which mid-injection daytime sampling was done.
c Temperature ranges are for the dates on which metabolism measurements were made.

Analytical techniques

Samples collected from each study reach were analysed
at the Isotope Science Laboratory (ISL) at the University
of Calgary (Alberta, Canada) for isotopic compositions.
Stable isotopes of nitrogen were analysed using the deni-
trifier method (Sigman et al., 2001). Denitrifying bacteria
are injected into each aqueous sample and all nitrates
present were converted to nitrous oxide (N2O) gas. A
trace gas pre-concentrator was coupled with a Thermo-
Finnigan Delta Plus XL isotope ratio mass spectrometer
in continuous flow mode (CF-IRMS) to measure stable
nitrogen isotope ratios using N2O. Nitrogen isotope ratios
are reported in the usual ‘delta’ notation as υ15N val-
ues in per mil (‰ ) with respect to atmospheric N2.
Four international reference materials were used to ensure
precise and accurate results: United States Geological
Survey (USGS) 32 (C180‰ š1Ð0), USGS 34 (�1Ð8‰
š0Ð2), USGS 35 (C2Ð7‰ š0Ð2) and International Atomic
Energy Agency (IAEA) NO3 (C4Ð7‰ š0Ð2). The val-
ues in parentheses are the accepted IAEA values for
υ15N š standard deviation. In addition, an internal lab-
oratory standard (ISL-NO3) with a known υ15N value
was also analysed repeatedly yielding a υ15N value of
C4Ð24‰ š0Ð27 (nD34). Results were normalized using
IAEA NO3 and USGS 34, while ISL-NO3 and other ref-
erence materials were analysed daily as unknowns for
QA/QC purposes. Precision and accuracy for analyses
for natural abundance υ15N measurements are š0Ð2‰
(2� standard deviation).

In addition to nitrogen stable isotope data, the chemical
composition of the obtained water samples was deter-
mined at SUNY-ESF including major anions (NO3

�,
SO4

2� and Cl�) and cations (NH4
C, NaC, Ca2C, Mg2C

and KC). Anion concentrations in each sample were
determined by ion chromatography using a Dionex ICS
2000. Mean percent errors for anion analyses were 9,
5 and 7% for chloride, nitrate and sulfate, respectively.
The minimum detection limit for nitrate was estimated
as 0Ð1 µmolc l�1, which is the concentration equiva-
lent of three times the standard deviation of replicate
instrumental measurements of nitrate for an internal stan-
dard. Cation concentrations in each sample were mea-
sured using a Perkin-Elmer OPTIMA 3300DV induc-
tively coupled plasma—optical emission spectrometer.
Ammonium concentrations in each sample were mea-
sured using a Bran C Luebbe AutoAnalyzer. HCO3

�
concentrations were computed as the difference between
the measured anion and cation concentrations.

Calculating Net Aqueous Nitrate Uptake Length

’Net’ nitrate uptake length and ‘gross’ uptake length
were calculated using the background aqueous nitrate
concentrations and the isotopic addition test results,
respectively. The net nitrate uptake length was deter-
mined using ambient stream nitrate concentrations for
Reaches A and B.

Both net and gross nitrate uptake lengths can be
described as first-order decay functions based on the
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decline in stream nitrate concentration per unit time
(Stream Solute Workshop, 1990). We evaluated gross
nitrate uptake lengths (Sw) in the nitrate addition exper-
iments because the short duration of the experiments
only allows for consideration of gross uptake of nitrate
and does not allow for re-mineralization or considera-
tion of net nitrate loss (Payn et al., 2005). In contrast,
background nitrate concentrations downstream from a
point source reflect the balance of both uptake of nitrate
and remineralization of nitrogen and nitrification in the
stream system and hence may capture the net uptake of
nitrate (Sw,net), rather than simply the gross uptake (Sw).
We designated uptake lengths determined from back-
ground nitrate chemistry as ‘net nitrate uptake lengths’
and uptake rates from 15N tracer injection experiments
as ‘gross nitrate uptake lengths’.

We assumed nitrate uptake followed first-order decay,
which can be expressed as:

ln Ct D ln Co � kct �1�

where Ct was the nitrate concentration at time t after
introduction to the stream system (µmolc l�1), Co was
the initial nitrate concentration (µmolc l�1) and kc was
the nitrate uptake rate coefficient (min�1) (Newbold
et al., 1981). Using the link between distance and time
(i.e. stream velocity), this first-order decay function
can be transformed into a loss per distance travelled
downstream:

ln Cx D ln Co � �1
/

Sw,net�x �2�

where Cx was the nitrate concentration at distance x
downstream of where nitrate was introduced to the stream
(µmolc l�1), Co was the nitrate concentration at a distance
of zero (i.e. the location of a natural point source,
µmolc l�1), 1/Sw,net was the inverse of the uptake length
(m�1) and x was the distance downstream of the source
site (m). The 1/Sw,net term was equal to kc/velocity
(Newbold et al., 1981).

The net nitrate uptake length (Sw,net) can be determined
from the steady-state decline in the background nitrate
concentration with distance from a naturally occurring
point source, under ambient conditions. To calculate a
background nitrate spiralling length, the natural logarithm
of the ambient nitrate concentration was plotted versus
distance in the stream. The nitrate spiralling length was
then calculated as the negative inverse of the slope of the
best-fit regression through the data. The net linear nitrate
uptake rate (Unet, in µmolc s�1 m�2) was then calculated
as:

Unet D �Cmean ð Q�

�Sw,net ð w�
�3�

where Cmean is the mean background nitrate concentration
along the respective reach (µmolc l�1), Q is the stream-
flow rate (l s�1) and w is the stream width (m).

Calculating gross nitrate uptake length from isotopic
additions

Gross nitrate uptake lengths (in contrast to net nitrate
uptake lengths) for the individual experimental reaches

were determined using the results of the respective iso-
topic addition experiments and methods presented in
Mulholland et al. (2008), which are briefly summarized
here. Downstream changes in υ15N and nitrate concen-
trations were monitored at 10 stream water sampling
locations in each study reach, as described above. To
compute nitrate uptake length, υ15N values were con-
verted into tracer 15N fluxes. The ln(tracer15N flux) was
used in the regression over distance to determine the
nitrate loss from the stream. First, υ15N values were con-
verted to 15N/(15NC14N) ratios, the isotopic mole fraction
(MF) of 15N, by the following equation:

MF D
15N

15N C14 N
D

(
υ15N

1000
C 1

)
ð 0Ð0036765

1 C
((

υ15N

1000
C 1

)
ð 0Ð0036765

)
�4�

where 0Ð003765 represents the 15N:14N ratio of atmo-
spheric N2 with a υ15N value of 0‰ . The tracer 15NO3

�
mass flux at each sampling station, 15Nflux,i (µg s�1), was
calculated by the following equation:

15Nflux,i D �MFi ð [NO3 � N]i ð Qi�injection � �MFi

ð [NO3 � N]i ð Qi�pre�injection �5�

where MFi is the isotopic mole fraction of 15N at
sampling station i, [NO3 � N]i was the stream water
nitrate concentration as nitrogen at sampling station i
(µg l�1) and Qi is the stream discharge at sampling station
i (l s�1). Pre-injection 15NO3

� mass flux was subtracted
from the 15NO3

� mass flux measured during the injection
experiment to isolate the tracer 15NO3

� flux from the
additional background flux of 15NO3

�. Stream discharge
at each sampling station (Qi) was calculated based on the
dilution of the conservative tracer (RWT) by:

Qi D Qinj ð Cinj

Cp,i
�6�

where Qinj is the pump rate of the injection solution
(l s�1), Cinj was the concentration of RWT in the
injection solution (µg l�1) and Cp,i was the concentration
of RWT in the stream water at the plateau of the injection
at station i (µg l�1).

The gross nitrate uptake rate coefficient was calculated
as the slope of ln(15Nflux,i) as a function of distance from
the injection point for the sampling sites within each of
the study reaches. The nitrate uptake length (Sw, m) of
each reach was calculated as the inverse of that slope. The
gross linear nitrate uptake rate (Unet, in µmolc s�1 m�2)
was then calculated as:

Ugross D �Cmean ð Q�

�Sw ð w�
�7�

where Cmean is the mean background nitrate concentration
along the respective reach (µmolc l�1), Q is the reach-
average streamflow rate (l s�1) and w is the average
stream width (m).

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 24, 3322–3336 (2010)



NITRATE UPTAKE IN A ROCKY MOUNTAIN STREAM 3327

Air–water gas exchange

We calculated the piston velocity and air–water gas
exchange of O2 for each reach using additions of sulphur
hexafluoride (SF6), a tracer that evades at a rate propor-
tional to O2 evasion rates (Wanninkhof et al., 1990; Cole
and Caraco, 1998). We collected triplicate dissolved gas
samples at five stations downstream from each release site
and measured the decline in SF6 concentrations using a
gas chromatograph with an electron capture detector (Shi-
madzu Gas Chromatograph 14A). Values for kSF6 (m�1)
were measured from the decline in SF6 downstream and
used to calculate reach piston velocity (kSF6; m min�1)
and reaeration coefficient (day�1). Using the ratios of
gas transfer velocities and temperature-adjusted Schmidt
numbers for SF6 and O2, a reach-specific kO2 was cal-
culated from kSF6 (Wanninkhof, 1992; Cole and Caraco,
1998).

Ecosystem metabolism

We measured gross primary production (GPP) and
ecosystem respiration (ER) for each of the three stream
reaches using the two-station, open-channel, dissolved
oxygen (dO2) method (Odum, 1956). We placed one
Hydrolab MiniSonde (Hach Environmental) at either end
of each 15N tracer reach during 23–25 June, 26–28 June
and 29 June–1 July 2007 (A1-A10, B1-B9 and C1-C10,
respectively). The MiniSondes measured changes in dO2

concentrations every 10 min for 2-day cycles during or
within 1 day of the 15N tracer releases for each reach.
We calculated GPP and ER based on the changes in dO2

along each reach (Hall et al., 2007):

Instant metabolism �g O2 m�2 min�1�

D z
[

�Ct � C0�

t

]
� kO2�O2sat � O2� �8�

where Ct and C0 are the dissolved oxygen concentrations
at downstream and upstream sites (g O2 m�3), t is
water travel time between upstream and downstream
sites (min), kO2 is the piston velocity for O2 (m min�1),
O2sat � O2 is the difference between in-stream dO2 and
saturation (g O2 m�3) and z is stream depth (m).

ER was measured at night when only reaeration and
ER were contributing to instant metabolism calculations.
After accounting for ER, GPP was calculated as the
area under each 24-h dO2 curve (Odum, 1956; Hall
et al., 2007). We did not correct metabolism estimates for
groundwater discharge along any of the three 15N tracer
addition reaches because we did not observe significant
changes in streamflow or dilution of RWT, a conservative
tracer, along the individual experimental reaches. We did
adjust day and night ER calculations based on higher
discharge during the day versus night (Table I).

RESULTS

Spatial and temporal patterns of background stream
water chemistry

Background stream water nitrate concentrations in Red
Canyon Creek were low at the time of the experi-
ments, with all observed concentrations <2Ð5 µmolc l�1

(Figure 2). Major ion chemistry in Red Canyon Creek is
dominated by calcium, magnesium, sulfate and bicarbon-
ate, which combined, made up 98% of the total dissolved
solids, in µmolc l�1.

Stream solute data for day and night were plotted
(Figure 2) as the solute concentration versus distance
from the most upstream point of all experimental reaches
(i.e. the Reach C injection site). Daytime concentrations
are for the pre-injection (i.e. Day 1, 13 : 00), daytime mid-
injection (i.e. Day 2, 13 : 00) and post-injection (Day 3,
13 : 00) samples. Night-time concentration values are for
the night-time mid-injection sample (Day 2, 2 : 00), which
was the only sampling done at night.

Three distinct groups of nitrate concentration values
were observed (Figure 2) over the entire Red Canyon
Creek experimental reach (i.e. C1—A10, Figure 1). The
first group of nitrate concentrations was observed along
Reach C (C1—C10), which is just upstream of the
confluence of Red Canyon Creek with its major tribu-
taries, Cherry Creek and Barrett Creek. Along this seg-
ment, nitrate concentrations during the daytime were very
low (<0Ð2 µmolc l�1) with very little change between
upstream and downstream sites (less than 4% change
each day). Sample station C1 on Day 2 did not show
any detectable nitrate. Concentrations of nitrate at night
showed a 17% increase from 0Ð28 µmolc l�1 upstream
to 0Ð34 µmolc l�1 downstream, but these small changes
may have been due to natural and analytical varia-
tion because these values were near the detection limit
for chemical analyses. Nitrate concentrations at night
were higher than during the day at every sampling
site.

The second group of concentrations was observed
along the upstream portion of Reach B (B1—B4), just
downstream of the confluence of Red Canyon Creek with
Cherry Creek and Barrett Creek. Pre-injection sampling
showed that tributaries had higher nitrate concentrations
than the main stem of Red Canyon Creek, causing a
rise in nitrate in Red Canyon Creek between sampling
sites C10 and B1. From B1 to B4, nitrate concentrations
averaged 0Ð83 and 0Ð87 µmolc l�1 during the day and
night, respectively. During the day, nitrate concentrations
consistently declined with distance, but only by 3–9%.
At night, nitrate concentrations varied by only 4%. There
were no significant differences (p > 0Ð05) between the
average daytime and night-time nitrate concentrations
from B1 through B4.

The third group of nitrate concentrations is marked by
a greater than twofold increase in nitrate between B4 and
B5 and then a general decrease with distance from sites
B5 to A10 during the daytime and at night (Figure 2).
We observed an average daytime nitrate concentration
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Figure 2. Observed stream discharge, nitrate, sulfate and ammonium concentrations in stream water along the experimental reaches

decrease of 62% from 1Ð7 µmolc l�1 upstream (B5) to
0Ð7 µmolc l�1 downstream (A10). Given the consistency
of the Day 1 and Day 2 13 : 00 nitrate concentration mea-
surements at other sites and at other reaches, the causes of
small increases in the three most downstream samples on
Day 2 are not known. Night-time nitrate concentrations
were greater than daytime concentrations from B5 to A10
(mean of 1Ð5 µmolc l�1 vs 1Ð0 µmolc l�1, respectively).
Night-time nitrate concentrations showed a steady 53%
decline from 2Ð0 µmolc l�1 upstream to 0Ð9 µmolc l�1

downstream (Figure 2).

In sharp contrast to the nitrate concentrations, sulfate,
chloride, sodium, magnesium and potassium concentra-
tions did not show any marked changes in concentra-
tion (i.e. <5% increase or decrease) from upstream to
downstream at night or during the day, except for the
notable change in solute concentrations at the confluence
of Barrett Creek and Cherry Creek tributaries. Sulfate
concentrations are shown as an example of the trends also
present for the other ions listed above (Figure 2). These
results suggest that these other ions were not markedly
affected by groundwater contributions along the stream,
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which is consistent with measurements of streamflow by
dilution gauging during tracer injections (Figure 2) and
other studies that have shown little groundwater contribu-
tion at Red Canyon Creek (Lautz and Siegel, 2006; Lautz
et al., 2006). Ammonium concentrations were generally
low in stream water (<2Ð0 µmolc l�1) with no discernable
pattern with distance downstream (Figure 2).

Net nitrate uptake

Using background aqueous nitrate concentrations in
Red Canyon Creek, we calculated daytime and night-
time net nitrate uptake lengths (Sw,net). Nitrate uptake
for Reach B was calculated starting at site B5, a nitrate
point source. Nitrate concentrations did not need to be
corrected for dilution because there was no detectable
change in streamflow due to groundwater discharge along
the reach (Figure 2). Daytime and night-time Sw,net were
calculated to be 1300 and 1170 m, respectively, for Reach
A. Daytime and night-time Sw,net were calculated to be
2020 and 4330 m, respectively, for Reach B (Figure 3,
Table II).

We are confident that a point source of nitrate exists
between B4 and B5 because we consistently measured
a sudden increase in nitrate between these two points
at night and during the day. The increase in nitrate
concentration was not concurrent with an increase in any
other major ion or an increase in streamflow that would
suggest influx of a point source of nitrate-rich water
between B4 and B5 (Figure 2). We also see a predictable
decline in nitrate with distance downstream of this
location (B5 to A10). Unfortunately, analysis for nitrate
was done after returning from the field site and the nature
of the point source could not be confirmed visually.
No other large changes in ion concentrations (chloride,
sulfate, calcium, magnesium or sodium) occurred at this
location, so it is likely an organic source of N.

Stream water υ15Nnitrate

Prior to the 15NO3
� additions, υ15N values averaged

for each reach were C6, C7 and C5‰ for Reaches A, B

Figure 3. Natural log of observed nitrate concentrations with distance
from B5 to A10. Linear regression was used to generate the lines shown

and associated equations, R2 values and Sw,net values

Table II. Nitrate uptake and spiralling lengths from injection
experiments and background nitrate chemistry as well as rates

of ecosystem metabolism for Reaches A, B and C

Reach A Reach B Reach C

Net uptake lengths from background nitrate chemistry
Sw,net, daytime (m) 1300 2020 —
Sw,net, night-time

(m)
1170 4330 —

Gross uptake lengths from injection experiments
Sw, daytime (m) 502 650 657
Sw, night-time (m) 1020 3140 1960
Ecosystem metabolism rates
GPP, gross primary

production (g
O2 m�2 day�1)

6Ð3 4Ð5 1Ð2

ER, ecosystem
respiration (g
O2 m�2 day�1)

�12Ð8 �5Ð8 �2Ð5

NEP, net
ecosystem
production
(GPPCER; g
O2 m�2 day�1)

�6Ð5 �1Ð3 �1Ð3

Nitrate regeneration parameters
Cmean, daytime

(µmol l�1)
0Ð79 1Ð30 —

Cmean, night-time
(µmol l�1)

1Ð18 1Ð43 —

Unet, daytime
(µmol s�1 m�2)

0Ð035 0Ð038 —

Unet, night-time
(µmol s�1 m�2)

0Ð056 0Ð016 —

Ugross, daytime
(µmol s�1 m�2)

0Ð092 0Ð117 —

Ugross, night-time
(µmol s�1 m�2)

0Ð065 0Ð023 —

Nitrate
regeneration
rate, daytime
(µmol s�1 m�2)

0Ð056 0Ð080 —

Nitrate
regeneration
rate, night-time
(µmol s�1 m�2)

0Ð0083 0Ð0062 —

and C, respectively (n D 10). One day after the end of the
tracer injections, the υ15N values had generally returned
to values close to background except for Reach C (C8,
C8 and C24‰ for Reaches A, B and C, respectively)
(Figure 4).

Along Reach A, υ15N values decreased from upstream
to downstream during the injection during both day and
night, but υ15N values decreased more markedly from
upstream to downstream during the day (Figure 4). υ15N
values were greater during the daytime than the night-
time during the injection at all sites, excluding A8, A9
and A10.

Similar to Reach A, υ15N values decreased with
distance at night during the injection along Reach B.
However, there was a slight increase in υ15N from B1
to B4, and a marked decrease from B4 to B5 and a
more gradual decrease from B5 to B10. The change in
isotopic composition between B4 and B5 corresponds
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Figure 4. υ15Nnitrate values with distance along each reach before, during and after the injection experiments

with the change in background nitrate concentrations
(Figure 2). During daytime, υ15N values also decreased
with distance. υ15N values increased slightly from B1 to
B3 and decreased from B4 to B10 (Figure 4). The υ15N
values were always greater during the night than the day.

As observed in Reaches A and B, υ15N values
decreased with distance during the experimental injection
at night and during the day along Reach C. Overall, υ15N
values were much higher during the Reach C experiment
(up to 17 400‰ ), relative to the other two experiments
where the maximum υ15N value was 2690‰ , explaining
why post-injection υ15N values did not completely return
to pre-injection levels (Figure 4).

Isotopic nitrate uptake length

Similar to the net nitrate uptake length (Sw,net) calcu-
lation, nitrogen isotopes were used to calculate daytime
and night-time gross uptake lengths (Sw) for each individ-
ual study reach. The regression of 15N flux with distance
was used to calculate Sw, as described in the methods
(Figure 5).

Anomalous data was omitted from these analyses in
order to facilitate calculation of Sw using 15N flux.

Reach A exhibited an unexpected increase in nitrate
concentration between A7 and A8 during one of the
sampling events (Day 2, 13 : 00) that did not follow
the pattern exhibited during the other daytime sampling
events. The observed increase could not be attributed to
any known source of nitrate to the stream or any tributary
to Red Canyon Creek and a similar increase was not
observed during the Day 1, 13 : 00, or Day 3, 13 : 00,
sampling. Hence, we used data from A1 to A7 to calculate
daytime Sw for Reach A. The complete data set (A1 to
A10) was used to calculate night-time Sw for Reach A.

Sw was 502–657 m during the day and 1020–3140 m
at night for Reaches A, B and C, respectively (Table II,
Figure 5). Sw was shortest along Reach A, both during
the day and night. Night-time Sw values were between
2Ð0 and 4Ð8 times the daytime values of Sw.

Hyporheic zone pore water chemistry

For our study the hyporheic zone pore water chem-
istry was generally similar to that of stream water with
concentrations of calcium, magnesium, sulfate and bicar-
bonate comprising 96% of the total dissolved solids in the
hyporheic zone, in µmolc l�1. Concentrations of sulfate
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were significantly lower in the hyporheic zones upstream
of the dams (p < 0Ð01), relative to the correspond-
ing downstream hyporheic zones and the stream water
(Figure 6). Concentrations of nitrate in the hyporheic
zone were generally lower than in stream water at
upstream locations around the man-made dam and the
beaver dam (Figure 6). The hyporheic zone downstream
of the man-made dam showed substantial increases in
nitrate concentrations above stream water (Figure 6). The
downstream hyporheic zone at the beaver dam showed a
slight increase in nitrate concentration at DB-3. Nitrate
concentrations from upstream to downstream differed at
the man-made dam (p < 0Ð01), but not at the beaver dam
(p D 0Ð26).

Overall, ammonium concentrations in the hyporheic
zone were greater than in stream water (Figure 7). Gen-
erally, ammonium concentrations were greatest in the
upstream hyporheic zones (Figure 7). Concentrations of
ammonium and nitrate were generally inversely cor-
related in the hyporheic zone (Figure 7). Ammonium
concentrations were significantly higher upstream versus
downstream at the man-made dam (p < 0Ð01) and at the
beaver dam (p D 0Ð01).

Hyporheic zone υ15Nnitrate

In the hyporheic zone around the beaver dam, υ15N
values continuously increased from Day 1 (�2 to C4‰)
to Day 3 (C7 to C14‰) of the experimental injections
(Figure 8), but the increase was generally less than 15‰.
In the hyporheic zone around the man-made dam, the
upstream and downstream segments of the hyporheic
zone responded differently during the 15N additions. On
Day 1, υ15N values of nitrate were similar upstream and
downstream of the dam, ranging from C5Ð1 to C11Ð8‰
upstream and from C7Ð2 to C9Ð3‰ downstream. Down-
stream hyporheic zone nitrate samples became much
more 15N enriched on Day 2, with υ15N values ranging
from 51 to 392‰ , but returned to pre-injection levels
on Day 3 (Figure 8). Upstream hyporheic zone samples
showed only small increases in υ15N values similar to
those observed at the beaver dam.

Air–water gas exchange and ecosystem metabolism

Reaeration coefficients (kO2 ; day�1) were 49, 46 and
74 for Reaches A, B and C, respectively (Table I). All
three reaches of Red Canyon Creek had strong diel
cycles in rates of instant metabolism (Figure 9). Over
two full 24-h measurement cycles, the average rates of
GPP in Reaches A, B and C were 6Ð3, 4Ð5 and 1Ð3 g
O2 m�2 day�1; average rates of ER in A, B and C
were �12Ð8, �5Ð8 and �2Ð5 g O2 m�2 day�1. All three
reaches were net heterotrophic (ER > GPP) over both
24-h cycle measurements (Table II).

DISCUSSION

Nitrate uptake and spiralling

Chemical nitrate salt addition tracer studies often
overestimate Sw due to relatively large increases in nitrate

Figure 5. Natural log of the 15Nnitrate flux with distance for each
experimental reach. Linear regression was used to generate the lines
shown and the R2 values. The inverse slope of the regression lines is
given as nitrate uptake length. Note that symbols for daytime A9 and

A10 are not visible behind the nighttime symbols

Figure 6. Nitrate versus sulfate concentrations in the stream and the
hyporheic zone upstream and downstream of the man-made log dam

and the beaver dam

concentrations in the stream (Mulholland et al., 2002).
Increases in nitrate concentrations greatly above ambient
conditions may exceed the capacity of the stream system
to transform and remove nitrate. In a previous study in
Red Canyon Creek, Lautz and Siegel (2007) found that
using a nitrate salt addition approach, two out of three
study reaches in the Red Canyon Creek watershed did
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Figure 7. Ammonium versus nitrate concentrations in the stream and the
hyporheic zone upstream and downstream of the man-made log dam and

the beaver dam

Figure 8. υ15N values in the hyporheic zone around the man-made log
dam and the beaver dam before, during and after the isotopic tracer

injection experiment

not show nitrate uptake. One of their study reaches that
had undetectable Sw overlapped spatially with our Reach
C, which had the longest Sw and the lowest ambient
nitrate concentration in this study. The one reach that did
not show nitrate uptake in the Lautz and Siegel (2007)
study, Lower Red Canyon Creek, overlapped spatially
with our Reach A and a similar daytime Sw was observed
(Sw D 500 m). All three reaches in this study, regardless
of ambient nitrate concentration or stream discharge,

showed measurable Sw using the 15N tracer injection
approach. This suggests that the nitrate salt addition
approach used previously in Red Canyon Creek may
have saturated uptake mechanisms in some reaches. Both
the background chemical and 15N addition approaches
utilized in this study did not increase the ambient stream
water nitrate concentrations.

Daytime Sw (502, 650 and 657 m for Reaches A, B and
C, respectively) and daytime Sw,net (1300 and 2020 m for
Reaches A and B, respectively) were generally shorter
than night-time Sw (1020, 3140 and 1960 m for Reaches
A, B and C, respectively) and night-time Sw,net (1170 and
4330 m for Reaches A and B, respectively) (Table II).
Night-time values were approximately two to five times
the length of daytime values for the 15N injection Sw

calculations as well as the Sw,net calculations, with the
exception of the Sw,net values along Reach A. Diurnal
fluctuations in nitrate uptake suggest that autotrophs play
an important role in the consumption of nitrate at Red
Canyon Creek (Mulholland et al., 2006). Shorter daytime
Sw and Sw,net values are likely a function of autotrophic
activity and the concomitant utilization of nitrate by
plants and algae (Hall and Tank, 2003; Fellows et al.,
2006; Mulholland et al., 2006). Recent results from 72
different streams in the United States and Puerto Rico
found a negative relationship between Sw and GPP;
autotrophic NO3

� uptake decreased NO3
� uptake lengths

(Hall et al., 2009b). We found the same relationship
between GPP and Sw in the three Red Canyon Creek
reaches: Reach A had the shortest Sw and the highest
GPP and Reach C had the longest Sw and the lowest
GPP (Table II).

Solar radiation could impact uptake lengths through a
decrease in autotrophic assimilation (Fellows et al., 2006;
Mulholland et al., 2006). Total incoming solar radiation
ranged from 29 to 33 MJ m�2 between 24 June and 29
June, except for 27 June, which had only 16 MJ m�2 of
incoming solar radiation (Table I). Although GPP was
lower on 27 June (Figure 9), it does not appear that
lower solar radiation and GPP substantially increased Sw,
perhaps due to a simultaneous increase in ER (Table II).

Regression lines for Sw and Sw,net using daytime
observations had the best fit, with R2 values ranging from
0Ð74 to 0Ð96 (Figures 3 and 5). Night-time observations
showed more scatter around the regression line, with
R2 values ranging from 0Ð37 to 0Ð98 (Figures 3 and
5). Greater uptake during daytime hours caused the
slope of the regression lines to be higher, due to
more rapid removal of nitrate from the system. The
stronger relationship and greater slope between nitrate
concentration and distance during the daytime, compared
to at night, indicate that primary production dominates
the removal of N.

Net nitrate uptake lengths (Sw,net) were generally
longer than nitrate uptake lengths (Sw). This is expected,
provided that Sw,net includes the additional effects of min-
eralization and nitrification which return nitrate to the
water, and suggests that our assumptions regarding the
point source in Red Canyon Creek and the equilibrium
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Figure 9. Diel instant metabolism over 48-h periods for all three reaches
(A–C) of Red Canyon Creek, WY. All axes are on the same scale for

between-reach comparisons

conditions downstream are accurate. Estimates of Sw,net

using the background nitrate chemistry reflect an approxi-
mation of steady-state decline in the nitrate concentration
with distance that is the net sum of nitrate uptake fac-
tors (i.e. denitrification and/or assimilatory nitrate reduc-
tion) and nitrate production factors (i.e. mineralization
of organic matter forming ammonium followed by nitri-
fication). In contrast, 15N methods reflect only the dis-
tance that a nitrate molecule remains in the stream in the
dissolved phase before uptake. Given the limited time
of the 24-h 15N injection, the system is not allowed
to reach steady-state conditions and therefore does not
include re-mineralization of organic matter (Payn et al.,
2005). By taking the difference between the net uptake
rate (Uw,net) and the gross uptake rate (Uw), we can

approximate the nitrate regeneration rate in Red Canyon
Creek. In Reaches A and B, the nitrate regeneration
rate was approximately 0Ð056–0Ð080 µmol s�1 m�2 dur-
ing the day and 0Ð0062–0Ð0083 µmol s�1 m�2 at night.
An estimate of nitrate regeneration rates is unique to this
study because we were able to compare nitrate loss dur-
ing isotopic additions to background nitrate loss under
equilibrium conditions. At other locations, where point
sources of nitrate are present, similar nitrate regeneration
rates could also be derived.

Patterns in hyporheic zone pore water chemistry data

Although diurnal fluctuations in Sw and Sw,net suggest
that autotrophs in the water column may be primarily
responsible for nitrate utilization in Red Canyon Creek,
we also found evidence for biogeochemical transforma-
tions of nitrate in the hyporheic zone due to redox-
related processes. In the hyporheic zones around the
dams, we generally observed either a decrease in sul-
fate concentration or an increase in nitrate concentration,
relative to stream water (Figure 6). Fanelli and Lautz
(2008) found that dam structures in Red Canyon Creek
generate anoxic patches in the hyporheic zone where
bacterial (dissimilatory) sulfate reduction occurs and
oxic patches where N-mineralization and N-nitrification
occur. Nitrogen-containing chemical species are strongly
influenced by oxygen availability. The hyporheic zone
upstream of the man-made dam showed nitrate concentra-
tions slightly less than those in stream water suggesting
the potential of nitrate loss by dissimilatory reduction
(Duff and Triska, 2000). In contrast to the upstream
hyporheic zone, nitrate concentrations downstream of
the man-made dam showed substantial increases in the
hyporheic zone above stream water concentrations. Two
distinct patterns emerge, nitrate production downstream
and bacterial (dissimilatory) sulfate reduction upstream
of the dam (Figure 6).

Patterns in nitrate concentration are likely coupled with
processes that affect ammonium concentrations (i.e. min-
eralization and nitrification) (Fanelli and Lautz, 2008).
Generally, nitrate and ammonium show opposing con-
centration patterns in the hyporheic zone, due primarily
to the level of dissolved oxygen indicating the redox con-
ditions in the hyporheic zone (Figure 7). Zones of high
nitrate, low ammonium and high dO2 were found down-
stream of the dam, whereas upstream of the dam the
hyporheic zone had low nitrate, high ammonium and low
dO2 (Figure 7).

In previous work, we have measured rates of water
flux into the hyporheic zone upstream of the man-
made log dam that are relatively low (averaging 1Ð8 cm
day�1), limiting the rate of oxygen replenishment from
the overlying stream water (Fanelli and Lautz, 2008).
We also see evidence for a low flux of stream water
into the hyporheic zone from the streambed based on the
υ15N values in this study. Upstream of the man-made
dam, little change in υ15N values occurred from Day 1 to
Day 3 (Figure 8) indicating that little isotopically labelled
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nitrate was transported from the stream water above the
sediment into the hyporheic zone.

Fanelli and Lautz (2008) observed significantly higher
water flux through the downstream hyporheic zone (aver-
aging 12Ð4 cm day�1) versus upstream around the man-
made dam. We see evidence of this larger flux of stream
water above the sediment into the hyporheic zone down-
stream of the dam from the hyporheic zone υ15N val-
ues. Day 2 increases in υ15N values were much greater
downstream of the man-made dam compared to any of
the other hyporheic zone locations (Figure 8). υ15N val-
ues decreased on Day 3 relative to Day 2, returning
to near background levels. The patterns in υ15N values
downstream of the man-made dam indicate much more
rapid exchange of surface water with hyporheic sediments
downstream of the dam. Coarse grained stream bed sed-
iments in the riffle downstream of the man-made dam
allow stream water to rapidly enter the hyporheic zone,
replenishing oxygen to the sediments and hence facilitat-
ing the formation of nitrate and explaining the absence
of denitrification (Fanelli and Lautz, 2008).

These upstream versus downstream patterns in N
dynamics were most pronounced in the hyporheic zone
surrounding the man-made dam that had been in place for
over 15 years (Fanelli and Lautz, 2008). These patterns
were less pronounced in the hyporheic zone surrounding
the beaver dam because it is a less-developed geomorphic
feature being less than 1-year old. Although the man-
made dam was an area of relatively high hyporheic
exchange compared to the beaver dam in this study, there
was only a moderate connection between the stream water
and hyporheic pore water. The area of highest hyporheic
exchange, downstream of the man-made dam, had a
nitrate υ15Nnitrate value of C392‰ during Day 2 in Reach
A. This level of 15N enrichment was approximately four
times lower than the level of enrichment seen in the
stream water nitrate in Reach A. Elsewhere, around the
beaver dam and upstream of the man-made dam, the
percent surface water contributions into the hyporheic
zone were much lower. Redox patterns in the hyporheic
zone show mechanisms by which nitrate can be taken up
and returned to the water column (i.e. turned over). These
hyporheic zone mechanisms are complimentary to the
transformations of N by autotrophs in the water column.

Nitrate uptake and metabolism: intersite comparisons

Nutrient uptake parameters (Sw and Sw,net) and stream
discharge (Q) were compared with results from 10
other nitrate addition studies (Valett et al., 1996, 1997;
Marti et al., 1997; Haggard et al., 2001; Thomas et al.,
2003; Bohlke et al., 2004; Grimm et al., 2005; Lautz
and Siegel, 2007). For this study, the Sw values were
generally within the range of values in other studies.
However, the Sw values were longer than 75% of those
in the other studies (Figure 10) suggesting a relatively
slow processing of nitrate at Red Canyon Creek. Perhaps,
this low processing rate at Red Canyon Creek is due
to the relatively low nutrient demand and subsequently

Figure 10. Stream discharge versus nitrate uptake or spiralling length for
this study and other previous studies (Valett et al., 1996; Valett et al.,
1997; Marti et al., 1997; Haggard et al., 2001; Thomas et al., 2003;
Bohlke et al., 2004; Grimm et al., 2005; Lautz and Siegel, 2007). Data

is grouped by uptake length calculation method

lower primary productivity compared to other streams. In
general, Sw increased with discharge over the range of all
the studies (Figure 10).

The variation in nutrient uptake versus discharge
reflects the importance of other parameters in influencing
the uptake length, including differences among streams in
the relative importance of autotrophic and heterotrophic
processes. There is no clear relationship between uptake
length and discharge when discharge rates are lower
than approximately 30 l s�1 and uptake lengths derived
from salt addition experiments are generally higher than
those derived from isotopically labelled nitrate additions
(Figure 10). For discharge rates greater than approxi-
mately 100 l s�1, Sw is generally larger than for lower
discharge rates. These patterns in Sw are likely due to
increases in stream water nitrate concentrations to levels
well above ambient conditions during nitrate salt addition
experiments. In contrast to nitrate salt addition tests, 15N
tracer addition test results show lower Sw at lower stream
discharges. However, Sw values from 15N tracer injection
studies were comparable to chemical nitrate addition tests
at high discharge. During 15N injection tests, stream water
nitrate concentrations are not substantially altered and
nitrate uptake mechanisms can be studied under ambient
conditions, reducing the effects of experimental artefacts
resulting in overestimates of nitrate uptake lengths.

We compared rates of reach-level GPP and ER with
NO3

� uptake velocity (Vf; m min�1), where Vf D Q
w Ð Sw

(Q D reach discharge in m3 min�1 and w D approximate
reach width in m), to a comparison of metabolism and Vf

for 11 streams in Grand Teton National Park, Wyoming
(Hall and Tank, 2003). There was a strong positive rela-
tionship between GPP and daytime Vf for all three Red
Canyon Creek reaches and the other Wyoming streams;
the relationship between ER and night-time Vf (we com-
pared with night-time Vf because ER was calculated from
night-time O2 consumption) was also significant for the
Red Canyon Creek reaches (Figure 11). Similar to results
in Hall and Tank (2003) and Hall et al. (2009a), GPP
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Figure 11. A comparison of metabolism (ER and GPP) and NO3
� uptake velocity (Vf) for three reaches of Red Canyon Creek (RCC, white circles),

WY (via 15N–NO3
� additions; this study) and 11 stream reaches in Grand Teton National Park (GTNP, black circles), WY (via NO3

� additions; Hall
and Tank, 2003). Because ER was calculated at night and GPP was calculated during the day, we compared rates of ER and GPP to night and day Vf,
respectively. The regression equations for relationships between Vf and metabolism in the three Red Canyon Creek reaches were Vf,night D 0Ð0015ÐER

C 0Ð0015 (R2 D 0Ð98) and Vf.day D 0Ð0066ÐGPP C 0Ð0038 (R2 D 0Ð97)

was the best predictor for changes in Red Canyon Creek
daytime Vf (R2 D 0Ð98). The slope of GPP versus day-
time Vf for Red Canyon Creek reaches was lower than
for other Wyoming streams (Hall and Tank, 2003), but
NO3

� (instead of 15N–NO3
�) additions used by Hall and

Tank may have overestimated NO3
� uptake (Mulholland

et al., 2002) and/or deeper Red Canyon Creek reaches
could have a lower N-removal efficiency than shallower
streams.

CONCLUSIONS

Background nitrate chemistry in stream water and
15Nnitrate stream addition tracer tests were used to derive
Sw and Sw,net values for day and night in a third-order
Rocky Mountain stream. Daytime gross nitrate uptake
(Sw) and net nitrate uptake (Sw,net) lengths were gener-
ally shorter than night-time uptake lengths likely due to
increased levels of photosynthetic activity and subsequent
uptake and removal of nitrate from the water during the
day. Such diurnal changes in uptake suggest autotrophic
processes in the water column are primarily responsible
for nitrate loss in Red Canyon Creek.

In-stream features, such as debris dams, caused sub-
stantial changes in stream water geochemistry as the
stream water was diverted into the biologically and
chemically reactive hyporheic zone. Denitrification in
anoxic zones and mineralization/nitrification in oxic
zones around the dams served to amplify the variabil-
ity in geochemical conditions generally found in natu-
ral pool and riffle sequences. Highly oxic and anoxic
zones in the streambed appeared to develop over multi-
ple years around more permanent structures in the sys-
tem, providing a mechanism by which N cycling can be
enhanced in the hyporheic zone, increasing the potential
for denitrification and enhancing overall uptake of nitrate
in the stream system.

The obtained results on N dynamics in Rocky Moun-
tain streams such as Red Canyon Creek have important
biogeochemical and ecological implications (Earl et al.,
2006; Hall et al., 2009b). Large increases in inorganic N
have the potential to shift historically N-limited ecosys-
tems to more N-saturated conditions, which may trans-
late to greater inorganic N in downstream rivers (Fenn
et al., 2003a,b; Burns, 2004). Relatively pristine Rocky
Mountain streams have higher streambed complexity and
thus greater transient storage than other anthropogeni-
cally altered streams, which may correspond to greater
N removal and transformation (Gooseff et al., 2007; Hall
et al., 2009a). The results of this study help to put into
context the importance of nitrogen removal and transfor-
mation in Rocky Mountain headwater streams and how
these streams may react to increased inputs of inorganic
N. If inputs of inorganic N continue to increase, knowing
the biogeochemical response of these streams is critical.
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