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Abstract

A model-based approach was recently introduced for measuring riverine denitrification based on measured
changes in dissolved N2 concentration during riverine transport (Laursen & Seitzinger, 2002a). Inputs to
the model, including water temperature, channel depth, wind velocity, and time-of-travel between sampling
locations, vary greatly among natural systems. Simulations were run by varying the values of these inputs
and determining rates of N2 accumulation in river water and the detection limits for measuring deni-
trification using this method. Dinitrogen was found to accumulate most rapidly in streams that were
shallow, particularly under conditions of low wind velocity. Dissolved N2 concentrations, modeled in rivers
with a diurnal temperature variation of 5 �C and under conditions of no denitrification or 1 mmol
N m)2 h)1, showed that sensitivity of the method can vary as temperatures change. Under low wind
conditions and in rivers <1m in depth, this method is capable of detecting denitrification rates as low as
30–100 lmol N m)2 h)1. This limit of detection should be adequate to measure in situ rates in many North
American streams, particularly in agricultural watersheds. In deeper rivers N2 accumulated more slowly
and the method became less sensitive. The results of this study should guide decisions regarding the
application of this method based on the specific characteristics of a study reach (channel geometry) and the
physical conditions (i.e. wind velocity and water temperature) under which measurements are to be made.
The input of N2-enriched groundwater along a study reach can result in N2 accumulation that could be
misinterpreted as denitrification. Some knowledge of the inputs of groundwater along a reach should also
guide decisions regarding the application of this method.

Recent alterations in land use have significantly
altered the global nitrogen cycle, increasing nitro-
gen inputs to watersheds (Vitousek et al., 1997),
and consequently to aquatic ecosystems. Nitrate
pollution of rivers is a pervasive environmental
problem in North American rivers (Beaulac &
Reckhow, 1982; David et al., 1997), and the
transport of nitrogen to estuarine and coastal

ecosystems threatens these systems with impair-
ment of function (National Academy of Sciences,
2000). Riverine denitrification is potentially an
important sink for nitrogen (Seitzinger, 1988b;
Sjodin et al., 1997) and could help reduce loading
of nitrogen to coastal waters.

Although the importance of denitrification in
rivers is generally recognized, the tools to measure
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this process in situ have only recently become
available. Previously in situ denitrification has
been estimated based on nitrogen mass balance as
the net loss in total nitrogen or change in nitrate
concentration (Swank & Caskey, 1982; Hill, 1983;
Billen et al., 1985; Jacobs & Gilliam, 1985;
Chesterikoff et al., 1992; Mulholland, 1992; Jans-
son et al., 1994; Sjodin et al., 1997). However, this
approach is an indirect measure of denitrification
as the endproduct of denitrification (N2) is not
measured. Further, temporary storage of nitrogen
in a reach by autotrophic uptake or physical
retention can affect estimates of denitrification
based on mass balance, and a complete budget of
nitrogen inputs and outflows can be difficult to
obtain.

Recently, the isotope-pairing technique
(Nielsen, 1992) has been adapted for use in open
systems to quantify denitrification in small streams
(Böhlke et al., 2004; Mulholland et al., 2004).
Widespread application of this technique will
greatly enhance our understanding of denitrifica-
tion in small streams draining a variety of land-use
categories in different North American biomes
(LINX II, http://sparc.ecology.uga.edu/webdocs/
linx/). While this is a powerful approach to
quantifying denitrification in situ, the costs asso-
ciated with the addition of 15N–NO3

) tracer and
the isotope analyses currently limit its application
to relatively small streams.

Advances in the use of membrane inlet mass
spectrometry (Kana et al., 1994) have made pos-
sible the quantification of very small changes in gas
concentrations rapidly and easily, and this tech-
nology has been successfully applied to measuring
denitrification in aquatic systems based on changes
in dissolved N2:Ar (Kana et al., 1998; Cornwell et
al., 1999; Laursen & Seitzinger, 2002b). This tech-
nology recently has been adapted for use in open
channels (Laursen & Seitzinger, 2002a, 2004;
McCutchan et al., 2003) with denitrification mea-
sured based on small changes in dissolved N2,
corrected for atmospheric re-equilibration. This
method has an advantage over isotope-pairing
techniques in that it is far less expensive and can,
therefore, be applied to larger rivers. To date, this
method has been applied to rivers draining agri-
cultural watersheds and a mixed suburban – agri-
cultural watershed, ranging in size from 3rd
through 7th order, and with high nitrate concen-

trations and associated high rates of denitrification
(Laursen & Seitzinger, 2002a, 2004; McCutchan et
al., 2003). While this method performs well in these
rivers, its application in other rivers could be lim-
ited by the specific physical conditions of those
reaches. Presented here are model generated data
based on variations in channel depth, gas exchange
rates, time of travel, and temperature. Variations in
these parameters affect the sensitivity of this
method, and under certain conditions the sensi-
tivity may be too low to measure the in situ rates of
denitrification with current technology. These data
could be useful in selecting reaches where applica-
tion of this method is appropriate, and in deter-
mining if a different approach (e.g. isotope-pairing)
is more appropriate.

Inputs to the recently described model-based
approach to measuring denitrification in situ
include KN2 (first-order exchange rate of gases),
depth, width, temperature, and D time (time
elapsed between collection of samples) (Laursen &
Seitzinger, 2002a) (Table 1). Velocity is also
included as a model input, but its effect in the
model is to determine time-of-travel between two
fixed sampling points as a parcel of water moves
downstream.

First-order exchange rates determine how rap-
idly dissolved N2 will re-equilibrate with the
atmosphere when the concentration is out of
equilibrium. In previous studies volatile, non-
reactive tracers (propane and isobutane) (Laursen
& Seitzinger, 2002a) or Ar anomalies (i.e. Ar
concentrations deviating from equilibrium at a
given water temperature) (Laursen & Seitzinger,
2004) have been used to determine first-order
transfer rates for N2. These previously measured
first-order exchange rates were normalized to pis-
ton velocities, multiplying by depth and correcting
for differences in temperature according to
k600 ¼ KN2� (ScN2/600)

�2=3 (equation 1), where
ScN2 is the Schmidt number of nitrogen at a given
temperature (Wanninkhof, 1992). These normal-
ized piston velocities were combined with pub-
lished piston velocities from other rivers, lakes,
and ponds to develop an empirical relationship
between atmospheric exchange and wind velocity
(Fig. 1). This relationship was used to calculate
KN2 as a model input to determine the effects of
wind velocity on N2 accumulation and limits of
detection for denitrification.
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Channel depth affects the extent of interaction
between the water column and the sediments. In a
shallow river there is little water relative to the
sediment surface area and the flux of N2 from
denitrifying sediments can greatly affect the N2

concentrations in the water column. In deep rivers
there is greater volume relative to sediment surface
area. Hence, in deep rivers a higher rate of N2 flux
from sediments is required to observe a change in
water column N2 concentration in the short term.

Piston Velocity versus Wind Velocity
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Figure 1. Relationship between wind velocity and piston velocity.

Table 1. Components and calculation procedures of model used to quantify denitrification from dissolved N2 concentrations

Model inputs

Measured Derived

Channel depth (m) d
dt Equilibrium N2 concentration (mmol N2 m

)3 h)1)

Channel width (m)

Velocity (m min)1)

D Time (h)

Initial N2 concentration (mmol N2 m
)3) d

dt Temperature (�C h)1)

Initial Equilibrium N2 concentration (mmol N2 m
)3)

Initial temperature (upstream) (�C)
Final temperature (downstream) (�C)
Initial KN2 (h

)1)

Denitrification rate (mmole N2 m
)3 min-1)

Calculations.TotalN2 in the parcel of water (mmolN2) = N2 concentration (mmol N2 m
)3) *width (m) * distance traveled in 1 min (m).

At each time step, totalN2 is recalculatedasN2¢ = (N2 + N2prod) –N2 losswhere,N2¢ = totalN2 inparcel at previous time step (mmol

N2) N2 prod is the total produced (mmol N2) within the parcel during the 1 min time step, calculated as denitrification rate (mmol

N2 m
)3 min)1) * 1 min * width (m) * depth (m) * distance (m) traveled in 1 min. N2 loss (mmol N2) = N2 flux (mmol N2 m

)2 min)1) *

1 min * width (m) * distance (m) traveled in 1 minN2 flux (mmol N2 m
)2 min)1) = depth (m) * (1 h/60 min) *K 0N2 (h

)1) * [N2measured

(mmol N2 m
)3) –N02equil (mmol N2 m

)3)]:K0N2 (h
)1) = first-order transfer rate of N2 given the current temperature (K 0N2

varies through

time as the water temperature changes). N 0
2equil (mmol N2 m

)3) = equilibriumN2 concentration in the parcel at current time step given

the current temperature (N 0
2equil varies through time as the water temperature changes) DissolvedN2 (mmol N2 m

)3) is then recalculated

from total N2 after each 1 min time step
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Depth, as a model input, was varied to determine
its effects on N2 accumulation and limits of
detection for denitrification.

While wind can affect the temperature corrected
first-order exchange rates of N2 (Fig. 1), tempera-
ture can also affect atmospheric exchange.Diffusion
is a temperature dependent process and as temper-
ature increases diffusion, and hence the first-order
exchange rate, increases. Temperature dependent
first-order exchange rates were calculated from
piston velocities by rearrangement of equation 1.
The effects of temperature on accumulation of N2

and limits of detection for denitrification were
determined under conditions of constant tempera-
ture, modeled at 5, 10, 15, 20, and 25 �C.

Sampling a parcel of water as it moves down-
stream through time will generally require conve-
nient fixed sampling locations, such as bridges. As
stream velocity increases, the time of travel
between these fixed points (D time) decreases.
Measuring denitrification requires a measurable
increase in dissolved N2 concentration over time.
As D time increases, this effort becomes easier and
the method more sensitive. Time of travel (D time)
as a model input was varied to determine the effect
on N2 accumulation and limits of detection for
denitrification.

In model simulations of N2 accumulation a
constant rate of denitrification (1 mmol
N m)2 h)1) was applied while varying the model
inputs (as described above) one at a time. This
value of denitrification exceeds rates expected in
many streams, particularly those draining rela-
tively pristine watersheds. However it is a reason-
able value for many large rivers, or rivers draining
agricultural watersheds (Table 2). In the first series
of simulations a water temperature of 20 �C was
used. As the model was developed in a study reach
(Millstone River, central New Jersey, USA) with
an approximate channel width of 30 m and depth
of 1 m, these values were used in initial simula-
tions, and wind velocity was allowed to vary be-
tween 1 and 5 m s)1 (Table 3). In the second series
of simulations, water temperature was set to
20 �C, wind velocity was constant at 2 m s)1, and
depth was varied between 0.1 and 10 m. In the
third series of simulations wind velocity was con-
stant at 2 m s)1, depth was 1 m, and water tem-
perature varied between 5 and 25 �C (as above).
All simulations began with dissolved N2 concen-

tration equal to the theoretical equilibrium con-
centration and the accumulation of N2 was
modeled over 24 h.

River water temperature can vary over a diur-
nal cycle, particularly in shallow streams. As water
temperature varies, dissolved N2 concentrations
will track, but rarely equal, a theoretical equilib-
rium N2 concentration. In a fourth simulation,
dissolved N2 concentrations were modeled with
wind velocity constant at 2 m s)1, depth of 1 m,
and water temperature varying between 15 and
20 �C over a diurnal cycle. Temperature changed
at a constant rate over the 24 h period. Dissolved
N2 was modeled with denitrification inputs of 0 or
1 mmol N m)2 h)1, assuming initial N2 concen-
trations were in balance (production = flux to
atmosphere) resulting in an initial N2 concentra-
tion in the 1 mmol N m)2 h)1 simulation that
exceeded equilibrium N2 concentration.

The sensitivity of this approach for measuring
denitrification was calculated by determining the
lower limit of detection (modeled minimum rate of
denitrification required for N2 accumulation) while
varying depth, wind velocity, temperature, and D
time. In freshwater, the equilibrium N2 concentra-
tion ranges between 448.99 and 821.98 lmol l)1

(for 30 and 0 �C, respectively) (based on calcula-
tions from Weiss, 1970). As variation in N2:Ar
measured in replicate standards is typically
<0.05% (Laursen & Seitzinger, 2002a), analytical
error in measuring N2 at equilibrium is 0.22–
0.41 lmol l)1. In calculating the sensitivity of this
method for measuring denitrification in rivers, a
conservative analytical uncertainty of 1 lmol l)1

was applied; modeled N2 must exceed the theoreti-
cal equilibrium N2 by at least this amount for
denitrification to be considered measurable.

The accumulation of nitrogen was also mod-
eled based on inputs of N2-rich groundwater. The
model was modified to allow increases in river
discharge (from 1 to 20%) due to groundwater
inputs, with incremental increases in depth during
riverine transport, and to allow for increases in
total dissolved N2 in the water column as N2-
enriched groundwater (1–10 lM in excess of river
water) mixed with river water. Accumulation of N2

(apparent denitrification) was modeled with a
wind velocity of 2 m s)1, depth of 1 m, width of
30 m, temperature of 20 �C, D time of 6 h, and no
denitrification.
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Table 2. Area specific denitrification rates from a variety of river systems

Location Denitrification rate (lmol N m)2 h)1) Reference

Small streams in pristine watersheds (Q < 1 m
3
s
)1
)

San Francisquito Creek and little

lost man Creek, CA, USA

0–271 Duff et al. (1984)

West Fork, Walker Branch, TN, USA 10–70 (avg 33)2 Mulholland (1992)

East Fork, Walker Branch, TN, USA 243 Mulholland et al. (2004)

Neversink River, NY, USA 145–30504 Burns (1998)

Small nutrient rich streams (Q < 1 m3 s)1)

Gelbaek and Rabis Baek, Denmark 4–581 Sorensen et al. (1988)

Gelbaek and Rabis Baek, Denmark 42–4605 Christensen & Sorensen (1988);

Nielsen et al. (1990b)

Gelbaek, Denmark 230–4605 Nielsen et al. (1990b)

Dode A, Denmark 89005 Nielsen et al. (1990a)

Lowland stream, Denmark 340–12405 Christensen et al. (1989)

Lowland stream, Denmark 0–7106 Pind et al. (1997)

River Wiske, United Kingdom 99–25867 Garcia-Ruiz et al. (1998)

West Duffin Creek, ON, Canada 100–125 (avg)2 calculated from Hill (1988)

Various streams, ON, Canada 5802 Wyer & Hill (1984)

Carnagigue, Canada 150–2708 Chatarpaul et al. (1980)

Juday Creek, IN, USA 9649 Laursen & Carlton (1999)

Sugar Creek, IN, USA 2403 Böhlke et al. (2004)

Midsized Rivers with agricultural influences (1 < Q <10 m3 s)1)

River Raan, Sweden 1–3286 (avg 628)1 Jansson et al. (1994)

River Raan, Sweden 4000–80002 Jansson et al. (1994)

River Dorn, United Kingdom 141–22110 Calculated from Cooke &

White (1987)

Swale – Ouse River system, United Kingdom 20–7401 Pattinson et al. (1998)

Ouse – Trent River system, United Kingdom 100–38002 Owens et al. (1972)

Swift Brook, ON, Canada 13002 Kaushik & Robinson (1976)

Swift Brook, ON, Canada 121–3024 Robinson et al. (1979)

Nottawasaga River, ON, Canada 200–6004 Hill (1983)

Various rivers in ON, Canada 110–12308 Hill & Sanmugadas (1985)

South Platte River, CO, USA 140–7140 (avg 2000)4 Sjodin et al. (1997)

South Platte River, CO, USA 1583011 McCutchan et al. (2003)

Iroquois River, IN, USA 2157–1591011 Laursen & Seitzinger

(2002a), (2004)

Sugar Creek, IL, USA 270–1047011 Laursen & Seitzinger

(2002a), 2004

Other rivers

Oise River, France 16002 Billen et al. (1989)

Charente River, France 70–1670 (avg 460)12 Torre et al. (1992)

Canal receiving municipal effluents, Netherlands 27184 van Kessel (1977)

Ivel and Gade River, location unspecified, USA 300–43008 Edwards & Rolley (1965)

Millstone River, NJ, USA 310–15810 (avg 4790)11 Laursen & Seitzinger

(2002a), (2004)
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The rate of N2 accumulation in river water
decreased as a function of wind velocity (Fig. 2a).
Modeled N2 concentration exceeded equilibrium
(+analytical error) after 1.5 h for all wind velocity
es £ 5 m s)1. The concentration of N2 reached a
maximum of 531.3 lM (at 5 m s)1) after 10 h,
while at a wind velocity of 1 m s)1 it did not reach
a plateau, exceeding 539 lM after 24 h. Accumu-
lation of N2 was strongly dependent on channel
geometry. Dinitrogen accumulated very rapidly
when the modeled reach was shallow (0.2 m) with
concentration exceeding 540 lM in less than 3 h
(Fig. 2b). In a deep model reach (10 m), N2

accumulated slowly, reaching only 529.5 lM after
24 h. Temperature in the range of 5–25 �C had a
minimal effect on N2 accumulation (here expressed
as excess N2 since equilibrium N2 is temperature
dependent) during the first 10–12 h (Fig. 2c). After
24 h, excess N2 was 1.5 lM higher in a simulation
at 5 �C than at 25 �C.

As temperature fluctuated between 15 and
20 �C over a daily cycle, the rate of change in
modeled N2 concentrations (no denitrification
and 1 mmol N m)2 h)1) lagged the rate of change
in equilibrium N2 (Fig. 3). As the rates of

re-equilibration in the simulations were slower
than the rate of temperature change, the river
water continued to be out of equilibrium even
after a steady-state was reached (consistent max-
imum and minimum predicted N2 concentrations
from day to day) (data not shown). Over a 24 h
period, modeled N2 (no denitrification) differed
from equilibrium N2 by as much as ±3%
(�15 lM). This could be easily misinterpreted
from a snapshot of N2 concentration as excep-
tionally high rates of denitrification or as nitrogen
fixation. Over a daily cycle, modeled N2 (both
simulations) changed by �40 lM as gases re-
equilibrated to changing temperatures. This
magnitude of change was much larger than the
signal generated by denitrification, as the maxi-
mum difference between simulations with no
denitrification and 1 mmol N m)2 h)1 was
2.39 lM. This demonstrates the importance of
knowing not only gas exchange rates, but also the
rate at which water temperature is changing. Al-
though these model simulations are based strictly
on predicted behavior of N2 gas, in practice N2

concentrations are calculated from N2:Ar,
assuming Ar behaves conservatively (no produc-

Table 2. (Continued)

Location Denitrification rate (lmol N m)2 h)1) Reference

Large rivers

Delaware River 166–34513 Seitzinger (1988a)

Potomac River 210–23513 Seitzinger (1988b)

Seine 500–30002 Chesterikoff et al. (1992)

Thames River Estuary 8209–114071,8 Trimmer et al. (2000)

Chiangjiang 2820, 5740 (avg 4280)11 Yan et al. (2004)

1 acetylene block method, 2 nitrogen mass balance, 3 tracer (15N) method in open channel, 4 nitrate mass balance, 5 acetylene block with

N2O microsensors, 6 isotope pairing, 7 combination of acetylene block and 15N tracer, 8 nitrate depletion in cores, 9 NO�3 microsensor,
10 calculated from nitrate profiles using reaction-diffusion model, 11 N2:Ar approach in open channels, 12 acetylene inhibition with

benthic chambers, 13 Direct N2 flux.

Table 3. Model inputs for simulation series

Simulation

series

Denitrification

rate (mmol N m)2 h)1)

Water

temperature (�C)
Depth (m) Wind

velocity (m s)1)

1 1 20 1 1–5

2 1 20 0.1–10 2

3 1 5–25 (constant) 1 2

4 0 or 1 15–20 (fluctuating) 1 2
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Figure 2. Effects of (a) wind velocity, (b) channel geometry, and (c) temperature on N2 accumulation during transport given a constant
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tion or consumption). When water temperature is
constant the concentration of Ar does not change
through time. However, when temperature chan-
ges Ar will re-equilibrate. Uncertainty associated
with Ar behavior adds a source of error in esti-
mating denitrification under conditions of
changing temperature (Laursen & Seitzinger,
2002a).

The limits of detection for denitrification rate
were most sensitive to channel depth and D time,
and to a lesser extent to wind velocity and tem-
perature. In shallow reaches (0.2 m) at wind
velocity of 1 m s)1 and temperature of 5 �C, the

detection limit ranged from 134 lmol N m)2 h)1

after 3 h travel time to 27 lmol N m)2 h)1 after
15 h (Fig. 4a). When wind velocity increased to
5 m s)1 the detection limit ranged between
154 lmol N m)2 h)1 after 3 h and 52 lmol
N m)2 h)1 after 15 h. In these same reaches at a
wind velocity of 1 m s)1 and temperature of 25 �C,
the detection limit ranged between
135 lmol N m)2 h)1 after 3 h travel time and
28 lmol N m)2 h)1 after 15 h (Fig. 4b). At a wind
velocity of 5 m s)1 the detection limit ranged from
181 lmol N m)2 h)1 after 3 h to 89 lmol N
m)2 h)1 after 15 h. Limits of detection for
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denitrification scaled directly to depth, with a
doubling of depth resulting in a doubling in
detection limit.

Groundwater can contribute a significant
amount of N2 to river water. When discharge
increased by only 1% over a reach, excess N2 in
groundwater had very little effect on water column
N2 concentration, even with an excess concentra-
tion of up to 10 lM (Fig 5). However, when dis-
charge increased by a greater amount groundwater
contributed a significant amount of N2 to the water
column, which can be misinterpreted as denitrifi-
cation (apparent denitrification). Given an increase
in discharge of 20% over a reach and an excess N2

concentration in groundwater of 10 lM, apparent
denitrification was 789 lmol N m)2 h)1. When
excess N2 concentration in groundwater was low
(1 lM), apparent denitrification was low
(39 lmol N m)2 h)1) even with an increase in dis-
charge of 20% over the reach. Although not
modeled, groundwater containing less dissolved N2

than river water could result in underestimating
riverine denitrification. Actual differences in
groundwater and river water N2 can vary. The
concentration of N2 in river water is primarily
determined by current temperature, and N2 con-
centration in groundwater is determined by the
temperature of the water at the time it became
entrained in groundwater and by mixing with other

groundwater plumes. In the Millstone River,
measured excess N2 in groundwater has ranged
between )25 and 60 lM over an annual cycle, with
typical values of 5–10 lM excess N2 (Paul Probo-
sco, undergraduate research thesis), it is not pos-
sible to suggest a normal range for this difference.

The results of this modeling exercise suggest
that this method can be very effective when applied
under appropriate conditions. In shallow rivers
and streams sensitivity can be excellent (detection
limits <50lmol N m)2 h)1), provided wind
velocity is low and sampling stations are located
far enough apart to permit a long D time (>6 h).
This method does appear to be sensitive enough to
measure denitrification in many North American
rivers that are impacted by agricultural runoff and
that may be expected to have high denitrification
rates (Table 2). Under less optimal conditions,
such as deep water, high winds, or short D time,
this method may not be appropriate to measure
in situ denitrification rates. In very large rivers,
sensitivity of the method may be adequate if
steady-state conditions are assumed (i.e. no tem-
perature change and N2 flux = N2 production;
e.g. Yan et al., 2004). Rough stream beds in
shallow water may result in turbulent mixing with
rapid atmospheric gas exchange, limiting applica-
tion of this method in such streams. This method
may also be inappropriate in systems that are little
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Figure 5. Apparent denitrification resulting from groundwater inputs with excess N2 (travel time = 6 h, wind velocity = 2 m s)1,

depth = 1 m, temp = 20�C).
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impacted by anthropogenic sources of nitrogen as
rates of denitrification may fall below detection
limits (Table 2). Studies that are designed to use
this method over an annual cycle must also con-
sider sampling locations carefully, as discharge,
velocity, channel width, and channel depth vary
greatly over an annual cycle. We have found that
time of travel between two fixed sampling points
may be <3 h during the spring and >24 h during
late summer in one study reach. This can greatly
affect the sensitivity of this method over the annual
cycle.

Efforts to reduce nitrogen export to coastal
waters require a better understanding of the role
denitrification plays in nitrogen removal during
riverine transport. The approach based on
measuring in situ N2 production (Laursen &
Seitzinger, 2002a; McCutchan et al., 2003) is
relatively simple and inexpensive, and is more
direct than nitrogen mass balance approaches as
the endproduct of denitrification (N2) is directly
measured. Further, the method can be adapted
to estimate in situ production of other biogenic
gases simultaneously. Advancements in analytical
instrumentation to increase the sensitivity of N2

and Ar measurements in the laboratory and in
the field would extend the range of environments
to which this method can be applied. It is our
hope that this analysis will help researchers
judiciously apply this method where appropri-
ate, or choose an alternate method where nec-
essary.
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