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Abstract. Whole-system denitriﬁcation in the South Platte River was measured over a 13-month
period using an open-channel N2 method and mass-balance measurements. Concentrations of
dissolved N2 were measured with high precision by membrane-inlet mass spectrometry and estimates of denitriﬁcation were based on the mass ﬂux of N2, after correction for reaeration and
groundwater ﬂux. Open-channel estimates of denitriﬁcation ranged from 0 to 3.08 g N m2 d1
and the mean annual rate was 1.62 g N m2 d1, which corresponds to removal of approximately
34% of the nitrate transported by the river over a distance of 18.5 km. Over the same period of
time, estimates of denitriﬁcation based on mass-balance measurements ranged from 0.29 to
5.25 g N m2 d1 and the mean annual rate was 2.11 g N m2 d1. The two methods revealed
similar seasonal patterns of denitriﬁcation the highest rates were measured from late April to
August and the lowest rates were in winter. Both methods provide whole-system estimates of
denitriﬁcation in running waters; where reaeration rate coeﬃcients are low and ﬂux of groundwater
is well quantiﬁed, the open-channel method has fewer sources of uncertainty and is easier to
implement.

Introduction
Anthropogenic sources now dominate the supply of ﬁxed nitrogen to many
aquatic ecosystems, and concentrations of dissolved forms of ﬁxed nitrogen are
increasing in both surface waters (Howarth et al. 1996; Vitousek et al. 1997;
Lovett et al. 2000) and groundwaters (Nolan et al. 1997). Because nitrogen can
limit primary production in both freshwater and marine systems (Morris and
Lewis 1988; Bergmann et al. 2002; Tank and Dodds 2003) and high concentrations of nitrate in drinking water pose health risks to humans (Nolan et al.
1997), it has become critically important to understand the biogeochemical
processes that comprise the nitrogen cycle.
Mass-balance studies of the Mississippi River drainage (Alexander et al.
2000) have shown that small streams are generally more retentive of nitrogen
than are large streams. Additionally, 15N-tracer studies have shown that rates
of uptake and transformation for N tend to be highest in small streams
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(Peterson et al. 2001). Mechanisms that remove inorganic nitrogen from
streams include storage (through sorption or conversion to organic matter) as
well as gaseous losses (e.g., denitriﬁcation). The process of denitriﬁcation is of
particular interest because it leads to the loss of ﬁxed nitrogen from aquatic
ecosystems through the reduction of nitrate to inert, gaseous forms (primarily
N2, but also small amounts of N2O). Rates of denitriﬁcation have been diﬃcult
to estimate for entire ecosystems, however, because denitriﬁcation occurs only
under speciﬁc biogeochemical conditions that are diﬃcult to sample or replicate in a laboratory.
There are two common ways of estimating denitriﬁcation in aquatic systems.
The ﬁrst involves laboratory incubation of sediment cores (Seitzinger et al.
1993; Pfenning and McMahon 1996; Garcia-Ruiz et al. 1998; Kana et al. 1998;
Bernot et al. 2003). Typically, estimates from cores have been based on the
acetylene inhibition (block) technique (Sørensen 1978); acetylene blocks
the reduction of N2O to N2 and rates of denitriﬁcation are calculated from the
production of N2O. Denitriﬁcation rates within cores also can be estimated
from the rate of disappearance of NO3 or the rate of production of N2. It is
diﬃcult to extrapolate results from cores to whole systems, however, because
conditions of incubation may diﬀer from those of the natural setting and
because spatial heterogeneity in rates can be high (Hill et al. 2000; Saunders
and Kalﬀ 2001). A second approach involves mass-balance estimates based on
transport and transformation rates (Hill 1981; Hill 1983; Sjodin et al. 1997).
The mass-balance approach provides system-level estimates of denitriﬁcation,
but requires measurements of multiple forms of nitrogen and estimates of their
rates of transformation. Thus, the accumulation of measurement errors can
lead to substantial errors in estimates of denitriﬁcation (Cornwell et al. 1999).
Although the mass-balance approach has been used successfully where rates of
denitriﬁcation are high and transport is well quantiﬁed, a method that does not
depend on estimates of rates for multiple transformations could achieve higher
precision than is possible with estimates based on mass-balance measurements.
Recently, Laursen and Seitzinger (2002) and McCutchan et al. (2003) described a new method for estimating denitriﬁcation at the ecosystem level on
the basis of N2 ﬂux in open channels. The open-channel N2 method has the
advantage of directly measuring the end product of denitriﬁcation (i.e., N2)
rather than calculating rates from the residual of other measurements. Thus,
open-channel estimates are subject to fewer sources of error than estimates
based on concentration and transport of multiple nitrogen species, and openchannel estimates of denitriﬁcation are not subject to many of the diﬃculties
associated with incubation of cores. Open-channel methods have been used to
estimate oxygen metabolism in running waters for some time (Odum 1956), but
nitrogen gas had not been used previously to measure system-level rates of
denitriﬁcation because of the diﬃculty of precisely measuring changes in N2
concentrations and of diﬀerentiating N2 produced by denitriﬁcation from
atmospheric N2 ﬂux. Recent developments in membrane-inlet mass spectrometry have made it possible to measure concentrations of N2 dissolved in
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water rapidly and accurately (Kana et al. 1994). Also, the use of volatile tracers
to estimate rates of reaeration (e.g., Kilpatrick et al. 1989; Laursen and Seitzinger 2002; McCutchan et al. 2003) has improved estimates of gas ﬂux in
open channels. For many streams and rivers, the open-channel N2 method
could provide the most accurate estimates of denitriﬁcation rates presently
available because it directly measures denitriﬁcation in situ, instead of indirectly, and could be used where denitriﬁcation rates are too low to be quantiﬁed by mass balance. The present study compares the open-channel and
mass-balance approaches for estimating denitriﬁcation in a plains reach of the
South Platte River in Colorado.

Site description
The study area is an 18.5-km reach of the South Platte River near Fort Lupton,
Colorado (Figure 1). Two of the sampling sites are located on the South Platte
River and one is at the mouth of Big Dry Creek, a tributary that joins the
South Platte within the sampling reach. The sampling reach increases in width
and decreases in depth in the downstream direction. At the upstream site,
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width averaged 23.5 m and depth averaged 0.66 m; at the downstream site,
width averaged 48 m and depth averaged 0.31 m. Mean annual temperature
for the study reach is approximately 13 °C; from November to March, daily
mean temperatures generally are <11 °C and daily mean temperature is near
24 °C in mid summer (G. Cronin, unpublished data).
The South Platte River, which originates in the Colorado Rockies, is fed by
snowmelt and transmountain diversions. Much of the water of the South Platte
is removed for urban and agricultural use within 200 km of Denver. Below
Denver, the return of water to the river occurs primarily by wastewater discharges and return of irrigation water, either overland or by seepage. The
hydrology of the South Platte River is characterized by a strong seasonal peak
associated with snowmelt, a period of lower base ﬂow extending from fall to
early spring, and brief spates associated primarily with summer storms. The
natural ﬂow regime has been altered by impoundments, withdrawals, and other
human interventions. The primary eﬀects of water management on the South
Platte main stem below Denver have been to increase the seasonal base ﬂows
and to suppress the spring ﬂood ﬂows as compared with the natural hydrograph (Saunders and Lewis 2003).
Like many rivers and streams of the Great Plains, the study reach has a bed
of sand and ﬁne gravel; silt and clay account for less than 5% of the total dry
mass of bed sediments in this section of the South Platte River (Bradley et al.
1995). At the downstream site, total organic carbon in the upper 10 cm of
sediments ranged from 20 to 120 lg C g1; oxygen is present in the upper
sediments (ca. 3 cm) and the lower sediments are anoxic (G. Cronin and
S. Klemm, unpublished data). The easily mobilized bed creates an unstable
substrate for algal growth. During spring and summer, high ﬂows associated
with snowmelt and storm-related episodes remove algal biomass from the
sediment surface; at ﬂows >10 m3 s1, rates of photosynthesis are near zero
(G. Cronin and J. McCutchan, unpublished data). The eﬀects of high ﬂows on
rates of denitriﬁcation in the South Platte River are not known.
The South Platte River below Denver is an ideal setting in which to compare
the open-channel method for estimating denitriﬁcation with the more traditional mass-balance approach. Rates of denitriﬁcation in the South Platte River
are high, presumably because concentrations of nitrate and organic carbon are
high and the substrate of coarse sand facilitates the exchange of water between
the channel and the sediments (McMahon and Bohlke 1996; Sjodin et al. 1997;
McCutchan et al. 2003). Nitrogen gas comprises over 99% of the gaseous
products of denitriﬁcation in the South Platte below Denver (McMahon and
Dennehy 1999). Thus, estimates of denitriﬁcation based on ﬂux of N2 should
provide good estimates of the total amount of ﬁxed N removed by denitriﬁcation. Previous studies have shown that denitriﬁcation rates are quite high in the
reach below Denver (McMahon and Bohlke 1996; Pfenning and McMahon
1996; Sjodin et al. 1997). Additionally, seasonal variation in temperature, discharge, and concentrations of nitrate and organic matter should produce a wide
range of denitriﬁcation rates over which to test the methods.
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Methods
Hydrologic measurements
Between May 2000 and August 2001, discharge was estimated for the upstream
and downstream sites from records of ﬂow at a gaging station (USGS
068020500) located at Henderson, 18 km upstream of the study reach. Water
removed by ditch diversions below the gage was subtracted and entry of
seepage and tributary water was added. Estimated ﬂows were checked periodically against depth-velocity proﬁles at the upstream and downstream sites.
Seepage to the reach was estimated from a relationship developed from the
historical record of ﬂow residuals between the Henderson gage and a gage at
Ft. Lupton (USGS 06721000). For each date, the rate of groundwater seepage
(S, m3 s1 d1) was estimated from measurements of discharge at the Henderson gage as follows:
S ¼ 0:486  0:450ðlnQt =lnQt1 Þ  0:369ðlnQt =lnQt1 ÞlnQ;
r2 ¼ 0:45; p < 0:0001

ð1Þ

where Qt is daily mean discharge at the Henderson gage and Qt1 is daily mean
discharge at the Henderson gage on the previous day.

Open-channel method
Water samples at a given station were collected at three to ﬁve points spaced
evenly along a transect across the river. Samples were collected at the downstream station hourly for 24-h periods during the summer, fall, and spring of
2000–2001 and for one 12-h period during the summer of 2001. On ﬁve
additional dates between July 2000 and June 2001, samples for N2 analysis
were collected once during the day. Samples of groundwater were collected
from piezometers adjacent to the stream channel. Samples for N2 analysis were
collected with a ﬂushing sampler (Kilpatrick et al. 1989) in 40-ml vials and were
capped with teﬂon-silicone septa (I-Chem #288-0022) prior to removal from
the sampler. Vials were kept submerged in cold (ca. 0 °C) water and samples
were analyzed within 30 h of collection.
On dates when samples were collected for N2 analysis and on some of the
dates when nutrient samples were collected for mass-balance measurements
(see below), stream temperature was measured at 10-min intervals at the
downstream site with a Hydrolab Datasonde III. Stream temperature also was
measured bi-weekly at the time of collection for nutrient samples. Barometric
pressure was measured at 10-min intervals with a Honeywell Precision
Barometer (Model HPB200).
Concentrations of dissolved N2 in the channel and in groundwater were
measured with a membrane-inlet mass spectrometer (MIMS; Kana et al. 1994),
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with modiﬁcations as described by McCutchan et al. (2003). Denitriﬁcation
was estimated from the mass ﬂux of N2 as given by McCutchan et al. (2003):
Pnitrogen ¼

Qg
Ct  C0
Z  ðCg  Ct Þ
 knitrogen;T DZ
Dt
A

ð2Þ

where Pnitrogen is the rate of denitriﬁcation (g N m2 d1), C0 is the initial
concentration of N2 (i.e., the average concentration for a set of samples taken
across the channel) and Ct is the ﬁnal concentration (g m3=mg l1), Z is the
average depth (m), Dt is time interval between measurements (d), Cg is the
concentration of N2 in groundwater (g m3), Qg/A is the ﬂux of groundwater
per unit area (m d1), knitrogen is the reaeration rate coeﬃcient for N2 (d1) and
D is the saturation deﬁcit for N2. Rates of seepage (Eq. (1)) for each date were
divided by the channel width (m) to obtain rates of groundwater ﬂux per unit
area (Qg/A).
In November 1997, six estimates of the reaeration rate coeﬃcient were made
with propane according to the method described by Kilpatrick et al. (1989).
Propane was injected upstream of the reach at a constant rate through eight
diﬀuser plates spaced evenly across the channel and propane concentrations
were measured at two stations downstream of the injection point. Rhodamine
dye was injected concurrently (as a slug) with propane to estimate travel time
between the stations where samples were collected for propane analysis. At
each station, samples for propane analysis were collected at ﬁve points spaced
evenly along a transect across the river; samples were collected by the same
method used to collect N2 samples, but a 10-ml headspace was created prior to
sealing each vial. Within 24 h of collection, propane in the headspace was
analyzed by gas chromatography using a ﬂame ionization detector. A ﬂowthrough ﬁeld ﬂuorometer was located at each station where propane was
measured and concentrations of rhodamine dye were measured continuously
(5-s intervals); travel time between the stations was computed from the times of
peak concentration. Reaeration rate coeﬃcients for propane (kpropane) were
calculated from the rate of loss of propane between the two stations (Kilpatrick
et al. 1989); reaeration rate coeﬃcients for nitrogen (knitrogen) were derived
from the rate coeﬃcients for propane using the indexing procedure described
by Gulliver et al. (1990). Rate coeﬃcients were adjusted to a common temperature as follows (Bowie et al. 1985; Thomann and Mueller 1987):
knitrogen;T ¼ knitrogen ; 20 hðT20Þ

ð3Þ

where knitrogen, 20° is the reaeration rate coeﬃcient for nitrogen at 20 °C and h
is set to 1.024. After adjustment to a common temperature, the reaeration rate
coeﬃcient for N2 did not vary signiﬁcantly with discharge; thus, the mean rate
at 20 °C (12.1±0.64 d1) was applied to all dates. The mean rate then was
adjusted for changes in temperature at 10-min intervals according to Eq. 3.
On ﬁve dates, temperature, atmospheric pressure, and depth were measured
at hourly intervals but N2 concentration was measured only at a single point in
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time. For dates with only one measurement of N2 concentration, a simulation
model similar to that described by McCutchan et al. (1998) was used to estimate rates of denitriﬁcation. From a set of initial conditions, the model predicts temporal changes in N2 concentration from changes in temperature,
atmospheric pressure, and depth and the assumption that the rate of denitriﬁcation adjusted to 20 °C (Pnitrogen, 20°) is constant over the 24-h period. For
the 24-h period preceding the measured N2 concentration, the initial concentration (i.e., the concentration 24 h before the time of collection) was set to the
measured concentration. For each 10-min interval, knitrogen, 20° and Pnitrogen,
20° were adjusted for changes in temperature according to Equation 3; h for
denitriﬁcation was set to 1.045 (DiToro and Connolly 1980). Pnitrogen, 20° was
adjusted to obtain the best ﬁt between the measured and predicted concentrations and Pnitrogen was calculated as the average rate over the 24-h period.
The reaeration rate was suﬃciently high that estimation of the denitriﬁcation
rate was insensitive to the initial concentration of N2; variation of the initial
concentration by 2 mg l1 (70 lM N2) had no measurable eﬀect on the estimated rates.

Mass-balance method
Water samples for nutrient analyses were collected bi-weekly from the three
sampling sites (Figure 1). Samples were collected in the middle of the channel
in 1-l polyethylene bottles. Cross-sectional measurements of speciﬁc conductance showed that the river was well mixed at each site. Samples were ﬁltered
through glass-ﬁber (Whatman GF/C) ﬁlters within 6 h of collection; after ﬁltration, samples were stored at 20 °C until they were analyzed.
Analyses of water samples for nutrient concentrations included tests for
ammonium, nitrate, and total dissolved nitrogen; nitrite concentrations were
negligible. Ammonium was measured colormetrically (Grasshoﬀ 1976) and
nitrate was analyzed with a Dionex DX-120 ion chromatograph. Total dissolved nitrogen was determined by ion chromatography after all dissolved
nitrogen was converted to nitrate by persulfate digestion (Davi et al. 1993).
Dissolved organic nitrogen was estimated as the diﬀerence between the concentration of total dissolved nitrogen and the sum of the inorganic nitrogen
fractions.
Denitriﬁcation was estimated by mass balance from transport and transformation rates aﬀecting nitrate within the study reach as follows:
O¼IþSþND

ð4Þ

where O is the mass ﬂux of nitrate-N in surface outﬂow from the reach
(g N d1), I is the ﬂux of nitrate-N in surface inﬂow to the reach, S is ﬂux of
nitrate-N entering the reach in groundwater, N is nitriﬁcation conversion of
ammonium to nitrate; (g N d1), and D is the rate of denitriﬁcation (g N d1).
Because all variables except D can be estimated from ﬁeld data, denitriﬁcation
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can be estimated as a residual. The same basic equation was used for estimating
ammoniﬁcation rates from the decline in mass of organic nitrogen and nitriﬁcation rates from the decline in mass of ammonium. The sequence of
procedures for estimates was as follows: (1) estimate ammoniﬁcation from
mass-balance of dissolved organic nitrogen; (2) estimate nitriﬁcation from the
rate of ammoniﬁcation and mass-balance of ammonium; (3) estimate denitriﬁcation from the rate of nitriﬁcation and mass-balance of nitrate. Mass ﬂuxes
then were divided by reach area to obtain areal rates ammoniﬁcation, nitriﬁcation, and denitriﬁcation (g N m2 d1).
Rates were adjusted for changes in temperature over the reach by use of
Eq. (3). Temperature coeﬃcients (h) were as follows: ammoniﬁcation, 1.02
(Bowie et al. 1985), nitriﬁcation, 1.08 (DiToro and Connolly 1980), denitriﬁcation, 1.045 (DiToro and Connolly 1980). On dates when temperature
was measured at a single time rather than at 10-min intervals, mean daily
temperature was estimated from the measured temperature and time of day
using a model of diel temperature oscillation (McCutchan et al. 1998);
times of minimum and maximum temperature were estimated from day of
the year with a relationship developed from long-term records of temperature at the upstream and downstream sites (G. Cronin and J. Saunders, unpublished data). Typically, estimates of mean daily temperature
based on the model of diel temperature oscillation were within 1 °C of the
measured values (i.e., means calculated from measurements made at 10-min
intervals).

Results
Open-channel estimates
In the channel, concentrations of dissolved N2 over the 24-h sampling periods
typically were above saturation and ﬂuctuated approximately in parallel with
changes in saturation (Figure 2). Concentrations of dissolved N2 were highest
in the cool months (Nov–Mar; 15–16 mg l1; 535–570 lM N2), when saturation concentrations were highest, and were lowest in the warm months
(Apr–Oct; 10.5–14 mg l1; 375–500 lM N2), when saturation concentrations
were lowest. Variation in N2 concentration among samples collected at the
same time was small; on a given date, the average coeﬃcient of variation for
samples collected from the channel at the same time was generally <0.5%
(range, 0.03–0.97%).
The mean (±SD) concentration of N2 in groundwater was 19.2 ± 1.4 mg l1
(682±51 lM N2). Concentrations in groundwater were slightly higher during
the cool months, but not signiﬁcantly so.
Open-channel estimates of denitriﬁcation varied from 0 to 3.08 g N m2 d1
(Figure 3). The highest rate was recorded in late July and the lowest value
(0 g N m2 d1) was recorded in February. The mean rate (±SE) for the
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Figure 3. Open-channel estimates of denitriﬁcation. Discharge at the downstream site is shown
for reference.

warm season (Apr–Oct) was 2.03±0.30 g N m2 d1 ; only one measurement
was made during the cool season (Nov–Mar).

Estimates from mass-balance
In the absence of new sources, DON declines as organic N is converted to
ammonium though ammoniﬁcation (Figure 4). The mass ﬂux of ammonium
declined over the reach, indicating that nitriﬁcation proceeded faster than
ammoniﬁcation. Nitrate accumulated, but at a rate lower than would be
expected if denitriﬁcation were not occurring.
Areal rates of ammoniﬁcation, nitriﬁcation, and denitriﬁcation from mass
balance all showed slight seasonal trends (Figure 5). Rates of ammoniﬁcation
were higher during the cool months than in the warm months (Student’s t test,
t = 3.71, p = 0.0012); rates of nitriﬁcation also were higher during the cool
months, but not signiﬁcantly so (Student’s t test, t = 1.19, p = 0.245). Rates
of denitriﬁcation were higher during the warm months, but not signiﬁcantly so
(Student’s t test, t = 1.77, p = 0.089).

Comparison of methods
Mean rates of denitriﬁcation based on linear interpolation across nine sampling dates (Figure 6) were 1.62 g N m2 d1 for the open-channel method
and 2.04 g N m2 d1 for the mass- balance method. Over the 18.5-km reach,
the mean rates of denitriﬁcation corresponded to a loss of 1450 kg d1 (openchannel) and 1870 kg d1 (mass-balance), which were equivalent to the
removal of 34–45% of the nitrate that entered the reach. The two methods
showed similar seasonal patterns over the study period, particularly in 2001
(Figure 6) and, for the nine dates, temperature-corrected rates of denitriﬁca-
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Figure 4. Concentrations of dissolved and particulate forms of nitrogen at the upstream and
downstream sites. Discharge at the downstream site is shown for reference.

tion were not signiﬁcantly diﬀerent between the two methods (Wilcoxon
signed-rank test, p = 0.30).

Discussion
Whole-system estimates of denitriﬁcation have been possible with mass-balance measurements of multiple nitrogen species, but the open-channel N2
method oﬀers an alternative that may produce superior estimates of denitriﬁcation under many conditions. Although the methods compared here are
subject to diﬀerent sources of uncertainty and may not produce equivalent
estimates of denitriﬁcation under some conditions, the two did produce similar
estimates of denitriﬁcation for the South Platte River. Open-channel estimates
were lower than estimates from mass balance, although not signiﬁcantly so.
As presented here, the open-channel N2 method is best suited for use in wellmixed streams where (1) concentrations of N2 do not vary laterally or with
depth, and (2) processes aﬀecting the mass balance for N2 are spatially
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homogeneous. Application of the open-channel method to poorly-mixed systems (e.g., wetlands or streams with abundant emergent vegetation) should be
possible, but would require modiﬁcation of the method to account for spatial
heterogeneity in N2 concentrations. Although high spatial variability in the
processes aﬀecting the mass balance for N2 (e.g., variation in reaeration rates
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between cascades and pools or high rates of denitriﬁcation associated with
biogeochemical ‘hot spots’) will aﬀect the precision of the method, the extent to
which spatial variability aﬀects open-channel estimates has not been explored.
Precision with the open-channel method will be the highest where rates of
denitriﬁcation are high and rates of reaeration are low (McCutchan et al. 1998,
2003), as occurs in the South Platte River. In this study, the saturation concentration for N2 varied in response to changes in temperature, but concentrations remained well above the saturation concentration except during winter
(Figure 2). Although some of the excess N2 was derived from N2 dissolved in
groundwater, N2 supersaturation in the South Platte River is largely the result
of high rates of denitriﬁcation in combination with low rates of reaeration. As
long as groundwater ﬂux and the N2 concentration for groundwater are well
quantiﬁed, the open-channel N2 method can provide precise estimates even
where rates of groundwater ﬂux are high (McCutchan et al. 2003). Where
precision will be low with the open-channel method (e.g., where rates of
denitriﬁcation are very low or rates of reaeration are high) or where information on spatial heterogeneity in rates is required, other methods (e.g.,
chamber techniques) may be more suitable.
Other potential sources of error with the open-channel method include
ebullition (bubbling), nitrogen ﬁxation, and losses of N2O. N2O was not
measured in this study but accounts for <1% of the nitrogen lost through
denitriﬁcation in the South Platte River (McMahon and Dennehy 1999).
Ebullitive losses associated with high rates of gas production can be captured
with chamber methods (e.g., Smith et al. 2000), but such losses may not be
measured by open-channel methods, especially in shallow-water systems.
Ebullition has been observed on some dates in the South Platte River, particularly in association with algal mats that form along the river margin after
extended periods of low discharge (J. McCutchan and J. Saunders, personal
observation). Gas collected by inverting vials over streams of bubbles in the
water column were analyzed by MIMS and concentrations of N2 in the bubbles
typically were higher than concentrations in the channel or in groundwater
(>18 mg l1 ; J. McCutchan, unpublished data). Although ebullition probably
did not result in large errors in estimates of denitriﬁcation, the potential for
ebullitive losses should be recognized in open-channel studies of denitriﬁcation.
The contribution of nitrogen ﬁxation (microbial conversion of N2 to ammonium) to the mass-balance for N2 was not considered here, but rates of
N-ﬁxation in the South Platte probably are very low due to the high concentrations of ﬁxed nitrogen. Although the actual rates of denitriﬁcation for the
South Platte River may have been higher than the rates reported here,
uncertainty associated with ebullition, nitrogen ﬁxation, and losses of N2O
probably is quite small.
With the mass-balance approach, errors in estimates of ammoniﬁcation or
nitriﬁcation aﬀect the estimation of denitriﬁcation. Precision with the massbalance approach is not aﬀected by reaeration rates, ebullition, or losses of
N2O, but other factors can be important. Uncertainty in estimates of
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groundwater ﬂux and concentrations of nitrogen species in groundwater also
aﬀect this method.
Uptake of nitrate or ammonium by algae is not considered in Equation 4. At
the downstream site, rates of photosynthesis estimated by the open-channel
oxygen method (McCutchan et al. 2002) range from near zero in winter to
3.1 g C m2 d1 during summer at low discharge (G. Cronin, unpublished
data). If the molar C:N ratio for algal biomass is assumed to be 7, uptake of N
by algae would be 0–0.44 g N m2 d1. Thus, the potential eﬀects of algal
uptake on estimates of denitriﬁcation would be no more than about 10%;
because nitrogen turns over more slowly in algal biomass than does carbon,
errors related to algal uptake probably are even lower than this estimate would
indicate.
The estimates presented here are high compared to estimates for other rivers
(Hill 1983; Seitzinger 1988), but are similar to those reported in previous
studies of downstream reaches of the South Platte River. McMahon and Bohlke (1996), working with cores, estimated rates between 1.26 and
2.50 g N m2 d1 near Greeley, about 40 km downstream from the study
reach; Sjodin et al. (1997), using mass balance, estimated an average rate of
0.84 g N m2 d1 about 55 km downstream from the study reach (Figure 1).
Rates of denitriﬁcation in the South Platte River were the highest in summer
and lowest in winter. The supply of nitrate can limit rates of denitriﬁcation in
some systems (Bradley et al. 1995; Garcia-Ruiz et al. 1998; Pattinson et al.
1998), but concentrations of nitrate in the South Platte River remained high
year-round (Figure 4). The concentration of nitrate was more variable at the
upstream site than at the downstream site, but there was not a signiﬁcant linear
relationship between the concentration of nitrate at the upstream site and the
rate of denitriﬁcation (r2 = 0.01, p = 0.55). Thus, the seasonal pattern in rates
of denitriﬁcation probably was not caused by seasonal variation in nitrate
concentration. Temperature may have regulated rates of denitriﬁcation in the
South Platte River. Although there was a weak linear relationship between
temperature and the rate of denitriﬁcation (r2 = 0.17, p = 0.03), the mechanisms by which temperature aﬀected denitriﬁcation are not clear. At the
downstream site, the daily mean concentration of oxygen averaged 8.2 mg l1
in January and 5.7 mg l1 in June (G. Cronin, unpublished data). The seasonal
pattern of denitriﬁcation may have been caused by direct eﬀects of temperature
on microbial processes or indirectly by the eﬀects of temperature and community respiration on the concentration of dissolved oxygen in the sediments.

Conclusions
The open-channel N2 method provides an alternative to estimation of denitriﬁcation from mass-balance measurements of transport and transformation.
Analytical requirements associated with mass-balance measurements are simple and estimation of denitriﬁcation is unaﬀected by reaeration, but estimates
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based on mass-balance measurements are calculated as residuals (i.e., estimates
are indirect) and are generally feasible only where rates of denitriﬁcation are
high. Although specialized analytical equipment is necessary for the openchannel N2 method, it provides direct estimates of denitriﬁcation and is
capable of high precision where rates of reaeration are low and the ﬂux of
groundwater is well quantiﬁed. Use of the open-channel N2 method is particularly attractive where the open-channel oxygen method is already in use for
the estimation of ecosystem metabolism because both methods depend on
measurements of reaeration rates. Although the open-channel N2 method in its
present form is best suited to low-gradient streams where rates of reaeration
are low, it is probably the most reliable means of making whole-system estimates of denitriﬁcation in many streams and rivers.
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