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Denitrification is a key process in the nitrogen cycle because
it represents a net loss of nitrogen from ecosystems. Conse-
quently, the process has received much attention during the
past 20 years. However, the vast majority of studies on denitri-
fication have focused on muddy sediment, and relatively few
have measured denitrification rates in sands (Eyre and Fergu-
son 2002; Lohse et al. 1996; Vance-Harris and Ingall 2005).

Given that sandy sediments make up the majority of shelf sed-
iments (Emery 1968), an accurate assessment of the rates and
controlling factors of denitrification in such environments is
vital for our understanding of N cycling in shelf areas.

A key difference between muddy and sandy sediments is
that sandy sediments are permeable, which means that advec-
tive flow of pore water may contribute substantially to solute
transport (Huettel et al. 2003). Flume experiments have shown
that complex patterns of pore water exchange develop around
ripples, resulting in a characteristic inflow of oxic overlying
water at ripple troughs and an outflow of anoxic pore water at
the ripple crests (Precht et al. 2004). Therefore, process rates in
sands are only accurate and reliably addressed when the trans-
port regime is properly accounted for (both in terms of patterns
and flow rates). This is especially important for denitrification
measurements, where the rate of NO3

– transport into the
anoxic sediment zone is an important factor determining the
denitrification rate. Mimicking advective exchange processes
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Abstract
Using a two-dimensional simulation analysis, we investigated the effects of sediment flushing on denitrifi-

cation and the implications for two methods commonly used to measure denitrification in intact sediment
cores: the N2:Ar-ratio method and isotope pairing technique (IPT). Our simulations of experimental chamber
incubations showed that advective flushing of the sediment can significantly increase sediment denitrification
driven by NO3

– from the water column (up to a factor of 5), but that nitrification and coupled nitrification-den-
itrification is reduced under conditions of sediment flushing (up to a factor of 6). N2 fluxes across SWI may dif-
fer significantly from actual rates of denitrification for periods lasting from 1 up to more than 5 d after changes
in parameters such as sediment flushing rate and water column NO3

– concentrations. Simulations of the isotope
pairing technique, showed that the rate of labeled N2 production, after the addition of 15NO3

– may take up to
~24 h to reach steady state, depending on NO3

– concentrations in the water column and sediment flushing rate.
Measurements of denitrification in sand using IPT confirmed that short term incubations (11 h) underestimat-
ed the actual denitrification. Furthermore, model simulations were able to give a good estimate of measured N2

fluxes across SWI at different flushing rates under non–steady state conditions, confirming the ability of the
model to realistically simulate experimental situations.
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during incubations is difficult. So far, this has only been taken
into consideration by a limited number of investigations in
flumes (Huettel et al. 1998; Precht et al. 2004) and benthic
chambers (Glud et al. 1996; Huettel and Gust 1992; Janssen et
al. 2005b). To date, no studies have investigated the effect of
advective pore water flushing on benthic denitrification.

Denitrification rates in intact sediments are measured either
by ex situ core incubations or in situ chamber incubations. In
muddy sediments, these incubations are relatively straightfor-
ward, because only a gentle agitation of the water column is
needed to obtain a realistic diffusive boundary layer thickness,
e.g., Nielsen and Glud (1996). In sandy sediments, solute
exchange is not mediated via a diffusive boundary layer, but by
lateral pressure gradients causing bulk water exchange between
the sediment and the overlying water (Webb and Theodor
1968). Within stirred chambers, such advective solute
exchange is driven by radial pressure gradients over the sedi-
ment surface, the magnitude of which depends upon stirring
speed and chamber geometry (Huettel and Gust 1992). Pres-
sure-calibrated stirred chambers, which maintain a known
pressure gradient over the sediment surface, permit mea-
surements of denitrification in sandy sediments. Measured
process rates can then be related to the flushing rate of the sed-
iment, assuming no sediment topography within the chamber
and homogeneous permeability within the sediment.

Measurements of denitrification are complicated by the
high background of N2 in natural waters. Accordingly, one
requires either high precision measuring techniques (poten-
tially combined with lowering the N2 background), or alterna-
tively, application of isotopic approaches. Two of the most
widely used techniques to measure denitrification in coastal
sediments are the isotope pairing technique (IPT) (Nielsen
1992) and the N2:Ar method (Kana et al. 1994; Kana et al. 1998).
A recent comparison between the N2:Ar method and IPT in
muddy sediments suggested that the two methods gave com-
parable results but that instrumental artefacts caused by O2

interference may lead to an overestimation of N2 production
rates with the N2:Ar method (Eyre et al. 2002). However, this
effect may be instrument-specific (Eyre et al. 2002; Kana and
Weiss 2004).

Effectively, each method suffers from its own set of advan-
tages and disadvantages with European researchers tending to
use IPT, whereas North American researchers seem to prefer
the N2:Ar ratio method (Eyre et al. 2002). The latter has the
advantage that it directly measures gas fluxes, so no assump-
tions need to be made about the homogeneity of isotope dis-
tributions within the sediment. In addition, one does not
have to decide on the nature of the N2 reduction that takes
place (anammox or denitrification). The N2:Ar method is,
however, very sensitive to bubble formation during incuba-
tions, sampling, and storage (Eyre et al. 2002). Therefore, rate
measurements are difficult in sediments with high rates of
photosynthesis, and samples must be kept at ambient temper-
ature and analyzed soon after sampling. Furthermore, direct

N2 flux methods may not reflect the current rate of denitrifi-
cation taking place within the sediment, so great care should
be taken to integrate the rates over relevant scales of time.
Given the high temporal variability of advection and solute
transport rates within permeable sediments (Precht and Huet-
tel 2003), due consideration must be given when assessing
denitrification rates. Changing solute transport regimes may
affect the observed N2 fluxes.

Isotopic methods have the advantage of being relatively
unaffected by bubble formation within cores or chambers,
since a large fraction of the isotope reduced to N2 remains
within the sediment over the typical timescale of incubations.
Isotope samples can also be preserved reliably for long periods
of time. Isotope pairing in combination with slurry tech-
niques can also provide a useful means of distinguishing
between anammox and denitrification activity (Risgaard
Petersen et al. 2003). A further advantage of isotopes is that
the production of labeled N2 gas unequivocally shows that
denitrification is occurring, and no assumptions have to be
made about fluxes across the sediment water interface (SWI)
being in steady state with production rates. A disadvantage of
IPT is that it requires the addition of 15NO3

– to the water col-
umn (preferably > 20% of the 14NO3

– concentration of the bot-
tom water), which is assumed not to alter the natural rate of
14NO3

– denitrification. Model and experimental data both sup-
port this assumption (Middelburg et al. 1996; Risgaard
Petersen et al. 1994), although it cannot be ruled out in all cir-
cumstances (for example, if NO3

– addition were to signifi-
cantly stimulate respiration). Because of the need to sample
the water and the sediment for IPT, it is generally performed
ex situ in small diameter cores. This has the potential to cre-
ate biases in the measured rates compared to those occurring
in situ. Note, however, IPT can also be applied in situ in ben-
thic chambers (Nielsen and Glud 1996).

Of critical importance for the accuracy of IPT is that the
added 15NO3

– tracer is flushed homogeneously into the denitri-
fication zone, which may be questionable in some highly bio-
turbated sediments (A. Ferguson, unpubl. data). Although, we
note Rysgaard et al. (1995) found no evidence for inhomoge-
neous tracer mixing in bioturbated sediments. In sandy sedi-
ments, the time taken for the tracer to reach and spread homo-
geneously within the denitrification zone will depend on the
rate of transport of NO3

– relative to the thickness of the sedi-
ment oxic and denitrification zones. The size of these two zones
will, in turn, also depend on transport rates, consumption rates
and concentrations of NO3

– and O2 in the water column.
Biogeochemical reactive transport models allow us to test

our understanding of sediment processes and predict how
changing parameters affect processes, e.g., Berg et al. (2003).
Such models have been used to evaluate IPT in sediments
under diffusive conditions (Middelburg et al. 1996). To date,
however, most biogeochemical models are one dimensional
(vertical transport, horizontal biogeochemical layers), with
diffusion as the dominant transport process. Solute transport
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in permeable sediments mainly occurs through advection.
This requires the characterization of the flow field in the pore
water, which is typically multi-dimensional in nature, e.g.,
resulting from ripple topography (Huettel et al. 2003) or bio-
logically induced burrow flushing (Meysman et al. 2005). The
advent of more powerful computers and easy-to-use finite
element modeling software now makes implementation of
simple multi-dimensional transport reaction models possible
(Meysman et al. 2006; Meysman et al. 2005).

Here we describe a biogeochemical model of N cycling
incorporating advective porewater transport, which we use to
theoretically assess the impact of advective transport on rates
and measurements of denitrification. These model simula-
tions are then compared to experimental data obtained from
core incubations using both IPT and N2:Ar method.

Materials and Methods
Biogeochemical model of N-cycling—Following the approach

of Meysman et al. (2006), two consecutive modeling steps
were performed to quantify the impact of advective irriga-
tion on sediment biogeochemistry. First, a flow model (FM)
was constructed that simulates the three-dimensional (3D)
flow pattern of pore water. Subsequently, the calculated pore
water velocity field was incorporated into a reactive trans-
port model, which simulated the concentration pattern of
selected constituents. Both models were developed within

the finite element modeling software package “FEMLAB 3.1”
(www.comsol.com).

Model domain: The model domain represents the sediment
within an incubation chamber (hereafter referred to as ‘core’
because the experiments were conducted ex situ) as described in
Janssen et al. (2005a), that is, a core radius of 95 mm and a sed-
iment depth of 200 mm (Fig. 1a). We assume a flat sediment
surface, no heterogeneity in sediment parameters like porosity
and permeability, and a perfect radial-symmetric stirring pat-
tern in the overlying water. Under such “idealized” conditions,
flow and concentration patterns will be radially symmetric. This
way, the physically 3D model domain can be described mathe-
matically by a two-dimensional (2D) model, which incorporates
only two spatial variables (i.e., depth and distance from the cen-
tral symmetry axis). A triangular unstructured mesh was used to
discretize the model domain, with an element size of ~100 μm
at the upper boundary (sediment surface), increasing to 10 mm
at the lower boundary of the core (Fig. 1b).

Flow model: The steady-state flow pattern in permeable
sediments is governed by two equations (see Meysman et al.
2005 for details). First, there is the continuity equation (Freeze
and Cherry 1979).

(1)

where vv is velocity in the pore water, ∇ the gradient operator,
φ the porosity, and ρ the density of the pore water. Secondly,

∇ ⋅( ) =φρv 0
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Fig. 1. (a) A diagram of the core set up during pre-incubations showing the lid suspended over the cores on plastic spacers. (b) The model subdomain
used; representing an axial slice of a sediment core, showing the mesh applied. (c) The flow field (arrows) and streamlines induced within the sediment
sub-domain of the model.



the constitutive relation between the velocity and the pressure
is provided by Darcy’s Law (Freeze and Cherry 1979),

, (2)

where k is the permeability, η the fluid viscosity, p the pres-
sure, g gravitational acceleration and z represents the depth
coordinate measured downwards from SWI. Under the condi-
tion that the pore water is incompressible, isothermal, and of
uniform salinity, and assuming that porosity and permeability
remain constant over the sediment domain, the substitution
of Darcy’s Law into the continuity equation leads to the clas-
sical Laplace equation (Meysman et al. 2005).

(3)

The solution of the Laplace equation (Eq. 3) requires appro-
priate boundary conditions. Along the bottom and lateral walls,
we implemented a no-flux condition. At the sediment surface,
we adopted the pressure relation,

, (4)

where p0 is the pressure at the outer edge of the core with
radius rc. This relationship provided a good approximation for
the pressure sensor data of Janssen et al. (2005a) measured at
40 rpm (p0 = ~2). The magnitude of p0 was modified for vari-
ous stirring speeds by scaling it according to the relationship
between pressure and stirring speed given by Janssen et al.
(2005a). Together, Eqs. 3 and 4 produce the pressure distribu-
tion in the pore water from which one can subsequently cal-
culate the associated velocity vector field by means of Eq. 2
(see Meysman et al. 2005 for details on this procedure). Fig. 1c
shows the calculated flow field within the sediment model
domain. For each flow simulation, we calculated the associ-
ated sediment flushing rates (L m–2 d–1) by integrating the ver-
tical component of the simulated pore water velocity along
the sediment surface and then dividing by the core area. The
flushing rate suitably condenses the information in the flow
field into a single parameter. To test the accuracy of the veloc-
ity field simulations, bromide incubations were carried out in
the core set up. Simulated flushing rates agreed well with
experimental values (P. Cook, unpubl. data). It should be
noted that the flushing rate forms an integrated measure of
the pore water flow field, and so, different flow fields may lead
to the same flushing rate, depending on factors such as the
permeability and geometry of the model domain. However,
because the geometry and permeability are fixed in the pres-
ent core set-up, the flushing rate becomes a suitable coordi-
nate to plot our experimental results against, differentiating
between stirring regimes in the overlying water.

Reactive transport model: Once the velocity field is com-
puted from the FM, this quantity can be implemented in the
mass conservation equation for a pore water constituent. For
each solute (O2, 

14NO3
–, 15NO3,

28N2, 
29N2, 

30N2, and 14NH4
+), the

applicable reactive transport equation is of the form
(Boudreau 1997a; Meysman et al. 2006).

(5)

where Ci(r,z) denotes the concentration, Di the effective diffu-
sion coefficient, and Ri the production rate due to chemical
reactions. Because the porosity is assumed constant over the
sediment domain, porosity terms do not appear in Eq. 5. The
diffusion coefficient is corrected for tortuosity according to
Boudreau (1996).

(6)

where Dmol represents the molecular diffusion coefficient, which
is calculated as a function of temperature, T, and salinity, S,
using the relations given by Boudreau (1997b). Note that in per-
meable sediments, the effective diffusion coefficient should
normally also account for the effect of mechanical dispersion
(Bear and Bachmat 1991; Meysman et al. 2006). However,
mechanical dispersion is only important for sufficiently fast
pore water flow. In all our simulations, grain scale Peclet num-
bers (where dEO is the median grain size) were
considerably smaller than one, indicating that molecular diffu-
sion dominated mechanical dispersion. Therefore, mechanical
dispersion was not incorporated. As boundary conditions, we
imposed a no-flux condition at the bottom and sides of the
core, while at the sediment-water interface we imposed a fixed
concentration.

The reaction rates in Eq. 5 are calculated from the reaction
set, which includes four reactions: aerobic respiration, AR; den-
itrification, DN; ammonification, AM; and nitrification, NI.

AR=

DN=

AM=

NI=

The rates of aerobic respiration and denitrification were
modeled using the classical cascade formulation for electron
acceptors (Berg et al. 2003; Boudreau 1997b; Meysman et al.
2003; Van Cappellen and Wang 1996).

(7)

(8)

The volumetric remineralization rate (expressed per unit
volume of porewater) was varied as a function of sediment depth
according to the expression

. (9)

Rmin(0) in Eq. 9 was set to 340 mmol L–1 d–1 based on the
results of bag incubations (see Results), and λ was set to 0.1 m,
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giving a depth-integrated to mineralization rate of 1250 μmol
m–2 h–1. The half-saturation constants in Eqs. 7 and 8 were set
to 5 μmol L–1 and 30 μmol L–1, respectively, and the O2 inhibi-
tion constant for denitrification in Eq. 8 was also set to 5 μmol
L–1. The relative rates of 14NO3

– and 15NO3
– consumption were

obtained by multiplying Eq. 8 with p and (1 – p) respectively,
where p is the mole fraction of 14NO3

– in the total NO3
– pool.

Similarly, the relative production rates of 28N2, 
29N2, and 30N2

due to Eq. 8 were calculated using the respective factors p2,
2p(1 – p), and (1 – p)2. D14, the rate of denitrification measured
using IPT was calculated according to Nielsen (1992):

(10)

(11)

where D15 is the rate of 15NO3
– denitrification and P(29N2) and

P(30N2) are the production rates of 29N2 and 30N2, respectively.
Organic carbon mineralization through other pathways

such as sulfate and Fe/Mn reduction were not modeled explic-
itly. However, the ammonium produced in these respiratory
pathways was accounted for through the ammonification rate.

(12)

The ratio γNC of NH4
+ produced to C mineralized was set to the

value 1/15 based on previous observations of high C:N ratios of
effluxes in nearshore sediments. Such high ratios are attributed
to a high C:N ratio of the ambient organic matter (Cook et al.
2004). This resulted in a total sediment NH4

+ production rate of
83 μmol m–2 h–1, with a net efflux of 75 μmol m–2 h–1 at a sedi-
ment flushing rate of 3.5 L m–2 d–1. This compared well to the
measured NH4

+ efflux of 80 to 90 μmol m–2 h–1 at a flushing rate
of approximately 3.7 L m–2 d–1 in the core incubations. Finally,
nitrification was modeled using bimolecular kinetics.

(13)

where kNI is the nitrification constant, which was set to 12.5
μmol–1 L–1 y –1 compared to values of 5 to 29 μmol–1 L–1 y–1 com-
monly used in the literature, e.g., Berg et al. (2003); Soetaert et
al. (1996); Wang and Van Cappellan (1996).

Our model assumed that no anammox took place, and this
was indeed confirmed by slurry incubations (see Slurry incuba-
tions for anammox activity, this section). Furthermore, we assumed
that pore water O2 was not significantly consumed due to re-
oxidation of reduced byproducts (e.g., H2S, Fe2+) that are pro-
duced “downstream” of the O2 and NO3

– zones. To assess the
validity of this assumption, we performed some test model
runs. Under advective flow conditions, such re-oxidation was
indeed found to be negligible. A summary of all the key param-
eters used to construct the model is given in Table 1.

Denitrification simulations: Simulations were run to
(1) assess the impact of the advective transport regime

(range of sediment flushing rates 3.5 to 87 L m–2 d–1) on
steady state rates of denitrification and nitrification at
different NO3

– concentrations (0, 10, 50, and 250 μmol L–1)
in the water column;

(2) assess the time-dependent response of sediment denitrifi-
cation rates and N2 fluxes to the addition of 250 μmol L–1

NO3
– to the water column following a steady state situa-

tion with no NO3
– in the water column. These simulations

were run at two different transport regimes (flushing rate
of 3.5 and 87 L m–2 d–1);

(3) assess the time-dependent response of sediment denitrifi-
cation rates and N2 fluxes to a stepwise decrease (from 87
to 3.5 L m–2 d–1) and a similar stepwise increase (from 3.5 to
87 L m–2 d–1) in the flushing rate. Steady state conditions
were simulated at the initial flushing rate, before the sedi-
ment flushing rate was changed and the model run time-
dependently. The water column NO3

– concentration was
maintained at 10 μmol L–1 throughout these simulations;

(4) assess the time-dependent development of D14 after the
addition of 20 μmol L–1 of 15NO3

– to a core in steady state
with a water column 14NO3

– concentration of 0, 10, and 50
μmol L–1 at a sediment flushing rate of 18 L m–2 d–1;

(5) assess the time-dependent development of D14 at various
sediment flushing rates (diffusive, 3.5, 18, 44, and 87 L
m–2 d–1) after an addition of 50 μmol L–1 15NO3

– to a core
in steady state with a water column 14NO3

– concentration
of 250 μmol L–1;

6) assess the time-dependent development of D14 with a
10-fold increase in sediment respiration rates after an

R k O NH
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Table 1. A summary of the parameters used to set up the model used to simulate denitrification in the sediment cores

Name Unit Value Description

μmol L–1 5 Half saturation constant for O2 limitation of oxic mineralization

μmol L–1 30 Half saturation constant for NO3
– limitation of denitrification

μmol L–1 5 Half saturation constant for O2 inhibition of denitrification

kNI μmol–1 L–1 d–1 12.5 Nitrification constant

Rmin(0) nmol mL–1 d–1 340 Maximum rate of aerobic organic matter oxidation and denitrification 

(as C equivalents)

γN:C 1/15 Net production of NH4
+ in relation to C mineralized

Perm m2 2 × 10–11 Sediment permeability

Porosity 0.35 Sediment porosity

KO
inh

2

K
NO

sat

3
−

K
O
sat
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addition of 50 μmol L–1 15NO3
– to a core in steady state

with a water column 14NO3
– concentration of 250 μmol

L–1 and a sediment flushing rate of 18 L m–2 d–1;
(7) simulate denitrification, N2 fluxes and D14 after the

collection of cores from the field with an in situ 14NO3
–

concentration of 5 μmol L–1 followed by incubation in
a water bath containing 250 μmol L–1 14NO3

– for 72 h,
before denitrification was measured using the N2:Ar
method and IPT (see Experimental section). Exact simu-
lations of experimental data (see Experimental section)
were not possible, particularly for N2 fluxes, because
we did not know what the initial N2 distribution in the
sediment was, nor did we know the exact in-situ flow
field prior to core collection. Therefore, to simulate
the denitrification rates in the cores, we assumed that
the initial solute distributions (O2, 

14NO3
–, NH4

+, and
N2) were in steady state at each flushing rate used and
that the in-situ 14NO3

– concentration was 5 μmol L – 1.
The concentration of 14NO3

– was then increased to 
250 μmol L–1, and the model run time-dependently for
72 h to simulate the cores being placed in the high
NO3

– water bath before incubations commenced. In
this simplified simulation, we also neglected any N2

fluxes due to solubility changes of N2 when the cores
were warmed from 8° to 15° in the laboratory. We
believe this is justified because the use of N2:Ar ratios
to calculate fluxes means that solubility changes will
have a minor impact on the measured fluxes of N2.
This was confirmed by the fact that the killed control
cores only had a very low flux of N2 out of the sedi-
ment (see Results). After the simulated 72 h pre-incu-
bation, the N2 flux across SWI, as well as the sediment
denitrification rate were extracted from the model,
simulating the N2 flux measurements at the com-
mencement of the incubation. At this point, IPT mea-
surements were simulated by adding the species 15NO3

–

to the overlying water, and a further time-dependent
simulation run to follow the development of D14.

Experimental—The study site from which all samples were
collected was a shallow sandy site next to the Marine Biologi-
cal Laboratory in Helsingør, Denmark. Permeability at the
study site was measured using a constant head permeameter on
3 intact sediment cores (inner diameter 36 mm) and amounted
to an average value of 2 ± 0.3 × 10–11 m2 calculated according to
Klute and Dirksen (1986). Sediment porosity was measured as
described by Dalsgaard et al. (2000) on intact sediment cores
taken from the study site and had an average value of 0.35.
Intact sediment cores for incubation experiments were taken
manually in November 2003 at a water depth of ~1 m and in
situ temperature 8.5°C, using core liners (inner diameter 190
mm). After coring, a base was placed on the cores, and they
were immediately returned to the laboratory, where they were
submerged in a water bath at 15°C with NO3

– concentrations of
~250 μmol L–1, compared to the in situ concentration of ~5

μmol L– at that time of the year. While this may have signifi-
cantly altered metabolic rates and the relative activity of dif-
ferent microbial communities, we do not consider this a prob-
lem here because our aim was to compare methods and not
measure in-situ activities. Lids with stirrer disks (150 mm diam-
eter) as described by Janssen et al. (2005a) were suspended over
the cores on plastic spacers. This way, there was a ~1 cm gap
between the core and the lid, allowing a free exchange of water
between the bath and the core (Fig. 1a). The distance between
the sediment and the stirrer disk was ~100 mm, and the disk
stirring speed set to that used in the final incubation. The fol-
lowing sets of experiments were conducted.

Core incubations

Control cores: Three cores were submerged in a water
bath and ZnCl2 was added to a final concentration of 1%.
The cores were then pre-incubated with the lids suspended
over the cores, at a stirrer disk speed of 40 rpm (~18 L m–2 d–1)
and left for 72 h before the lids were sealed and triplicate
samples collected for N2:Ar ratio determination over the 11-h
incubation.

The impact of changing flow field: Eight cores had their
stirrer speeds adjusted to 20, 40, 60, and 80 rpm in duplicate,
resulting in flushing rates of ~3.7 to ~96 L m–2 d–1 calculated as
described in the Flow model section. The cores were then left
for 72 h with the lids open before they were sealed and sam-
ples taken over an ~11-h period for N2:Ar ratios, NH4

+, NO3
–,

and O2. Over this ~11-h period, the O2 concentration dropped
by ~20% in the cores. After sampling, the lids were opened
and suspended above the cores overnight. The following day,
15NO3

– was added to a final concentration of ~50 μmol L–1, and
the lids were sealed. After an 11-h incubation period, the cores
were opened and processed as described below.

IPT time series: Six cores had their stirrer speed adjusted to
40 rpm (a flushing rate of ~18 L m–2 d–1) and were allowed to
equilibrate for 72 h with open, suspended lids. Experiments
commenced with the addition of 50 μmol L–1 15NO3

– to the
cores and the lids were sealed. The cores were then killed as
described below in a time series, every ~2 h, up to 11 h.

Slurry incubations for anammox activity—Rates of anammox were
measured using the methods described by Rysgaard et al. (2004).
The rates were found to be negligible and are not presented.

Bag incubations—Würgler-bag incubations were performed
to compare the N2:Ar and IPT methods in homogenized,
anoxic sediment without nitrification and advective solute
transport. Sediment was collected from the upper 5 cm hori-
zon, homogenized, and divided into 6 Würgler bags each con-
taining 200 mL sediment and 750 mL of site water. The bags
were closed and pre-incubated for 7 d ensuring complete
anoxia before incubations commenced. Organic matter (0.1 g
ground, dried Spirulina) and 15NO3

– were then added to the
bags as summarized in Table 2. A control bag with 1% (w/v)
ZnCl2 was included. The bags were then inverted several times
to ensure the 15NO3

– and organic matter were well mixed and

Cook et al. Denitrification in permeable sediments

299



placed on a shaker table throughout the incubation. The bags
were sampled periodically by allowing the overlying water in
the bags to drain directly into gas tight vials for N2:Ar ratio
and labeled N2 analysis as described below.

Sampling and analysis

Isotopes: ZnCl2 was added to the overlying water in the cores
to a final concentration of 1% (w/v), and the sediment was gen-
tly mixed with the water column. After the sediment had set-
tled (~1 min), a sub-sample of the overlying water was collected
for N2 isotope analysis by a gas-tight syringe and transferred to
a 12-mL gas-tight vial (Exetainer, Labco), where it was preserved
with 1% (w/v) ZnCl2. Samples were analyzed for the relative
abundance of 14N15N and 15N15N on a gas chromatograph cou-
pled to a triple-collector isotope-ratio mass spectrometer (Robo-
Prep G + in line with TraceMass, Europa Scientific) as described
by Risgaard Petersen and Rysgaard (1995)

N2:Ar samples: Samples for N2:Ar ratio analysis were taken in
duplicate or triplicate and were sampled directly through taps
in the core liners (or plastic bags) using glass syringes, while
replacement water from the bath was allowed to flow into the
core through a second tap. The samples were then dispensed
into 7-mL glass vials through a gas-tight tube, which was sub-
merged below the surface of the liquid being dispensed until
overflowing. The samples were then killed with 10 μL saturated
HgCl2, and the vials sealed with ground glass stoppers and sub-
merged in a water bath at 15°C. Samples were sent to laborato-
ries at Southern Cross University, Australia (SCU), and the
Horn Point Laboratories, U.S.A. (HPL). Samples at HPL were
analyzed using a membrane inlet mass spectrometer (MIMS) as
described by Kana et al. (1994). Samples at SCU were analyzed
using a modified MIMS system with a reduction furnace to
remove O2 as described by Eyre et al. (2002).

Miscellaneous: O2 samples were taken in the same manner
as described above for N2:Ar samples and then dispensed until
overflowing into 12 mL Exetainers, to which Winkler reagents
1 and 2 were then added. Samples were then determined by
Winkler titration as described by Grasshoff (1983). Samples for
NH4

+ and NO3
– analysis were frozen in plastic containers and

determined with a Scalar Continuous-Flow-Autoanalyzer using
the chemistry described by Grasshoff (1983).

All reported fluxes were derived from linear regression of
solute concentrations (corrected for the addition of replace-

ment water) versus time (n = 3 to 5 data points) as described
by Dalsgaard et al. (2000). Denitrification rates using IPT (D14)
were calculated using the isotope pairing equations of Nielsen
(1992), given in Eqs. 10 and 11.

Results
Effect of sediment flushing rate on steady state denitrification

rates—Simulated steady state denitrification rates ranged from
2 μmol m–2 h–1 at a flushing rate of 3.5 L m–2 d–1 when no NO3

–

was present in the water column up to a denitrification rate of
156 μmol m–2 h–1 at a flushing rate of 87 L m–2 d–1 when 250 μmol
L–1 of NO3

– was present in the water column (Fig. 2a). Increasing
the sediment flushing rate from 3.5 up to 87 L m–2 d–1 consis-
tently increased the modeled rates of denitrification by a factor of
~3 to 5 for water column NO3

– concentrations ranging from 0 to
250 μmol L–1. Nitrification rates were highest under diffusive con-
ditions, dropping by a factor of ~2 to 6 under flushed conditions,
with minimum nitrification rates being observed at a flushing
rate of 18 L m–2 d–1 (Fig. 2b). As such, the rates of denitrification
fed by nitrification (coupled denitrification) were much greater
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Table 2. Summary of the treatments used for anoxic bag incu-
bations of sediment from the study site

Bag Treatment

1 20 μmol L–1 15NO3
–

2 50 μmol L–1 15NO3
–

3 100 μmol L–1 15NO3
–

4 20 μmol L–1 15NO3
– + 0.1 g bag–1 Spirulina

5 100 μmol L–1 15NO3
– + 0.1 g bag–1 Spirulina

6 1% (w/v) ZnCl2

Fig. 2. The simulated effect of sediment flushing rate on (a) the steady
state denitrification rate at water column NO3

– concentrations of 0, 10,
50, and 250 μmol L–1 and (b) the steady state nitrification rate. ‘Diffusive’
denotes simulations performed with no sediment flushing.



under diffusive conditions than flushed conditions. This resulted
in higher denitrification rates under diffusive conditions when
the NO3

– concentration in the water column was 10 µM or below.
Effect of changed conditions on net N2 fluxes—A simulated

addition of 250 μmol L–1 NO3
– to a core previously at steady

state with no NO3
– in the water column resulted in increased

denitrification rates, which took ~24 h to approach steady
state at sediment flushing rates of both 3.5 and 87 L m–2 d–1

(Fig. 3). The N2 fluxes across SWI, however, responded much
more slowly to the NO3

– addition, with steady state rates still
not reached after 111 h (4.6 d).

Changing the sediment flushing regime had a marked tran-
sient impact on both the rates of denitrification within the sed-
iment and the flux of N2 across SWI (Fig. 4). Increasing the
flushing rate from a steady state condition of 3.5 L m–2 d–1 up
to 87 L m–2 d–1, resulted in a large spike in the flux of N2 across
SWI as N2 previously at steady state within the sediment was
washed out by the increased flushing rates. Denitrification
rates within the sediment showed a concurrent drop as oxic
water was flushed into the sediment, inhibiting denitrification.
Reducing the sediment flushing rate from 87 to 3.5 L m–2 d–1

had the opposite effect, with the flux of N2 across SWI showing
an immediate drop, corresponding to lower transport rates of
N2 across SWI. Sediment denitrification rates showed a transient
jump, as reduced rates of O2 transport decreased O2 penetration
into the sediment. This resulted in the denitrification of the
large NO3

– pool present in the formerly oxic region of the sedi-
ment. In both scenarios, the denitrification rates within the sed-
iment and flux of N2 across SWI approached steady state within
24 h of the change in flushing regime, with the exception of the
N2 flux after the flushing rate had been reduced. In this
instance, the N2 flux was still well below the sediment denitrifi-
cation rate even after 4 d.

IPT simulation results—Simulated rates of D14 took at least 10
h to come to steady state at a sediment flushing rate of 18 L m–2

d–1 for 14NO3
– concentrations between 0 and 50 μmol L–1 with a

20 μmol L–1 addition of 15NO3
– (Fig. 5a). At a 14NO3

– concentra-
tion of 250 μmol L–1 with a 50 μmol L–1 addition of 15NO3

–, D14

took ~20 h to reach steady state (Fig. 5b). The sediment flush-
ing rate also had an effect on the equilibration time for D14,
with equilibration times ranging between 10 hour at a flushing
rate of 3.5 L m–2 d–1 to ~24 hour at flushing rates in excess of
44 L m–2 d–1. Under diffusive conditions, the 15NO3

– came to
steady state much more rapidly, with close to steady state con-
ditions for D14 being reached within 6 h of the 15NO3

– tracer
addition. This is still relatively slow compared to that obtained
experimentally in muddy and fine sandy sediments (Lohse et
al. 1996; Nielsen 1992) and can be explained by the relatively
shallow O2 penetration depths in those sediments (1 to 2 mm)
compared to that in the sediment modeled here (~4 to 5mm).

Measured and simulated stirring gradient experiments—O2

fluxes into the sediment increased over the flushing gradient
from 250 μmol m–2 h–1 at a sediment flushing rate of 3.7 L
m–2 d–1 up to 800 μmol m–2 h–1 at a sediment flushing rate of
~90 L m–2 d–1 (Fig. 6). Anomalously high O2 fluxes were
observed in one core at a flushing rate of 15 L m–2 d–1, most
likely due to the presence of macroalgal debris (with a
strongly sulfidic smell) observed within the sediment after
the incubations concluded. Modeled rates were always lower
than direct measurements (Fig. 6), however, the increase in
the modeled sediment O2 flux with increased flushing was
close to that measured.

There was a delay of 5 h before any measurable increase in
the 29N2 and 30N2 pools could be detected, after which both

Cook et al. Denitrification in permeable sediments

301

Fig. 3. The simulated time-dependent response of sediment denitrifica-
tion rate and N2 flux out of the sediment after addition of 250 μmol L–1

NO3
– to the water column of cores (at t = 0) run at a sediment flushing rate

of 87 and 3.5 L m–2 d–1 with an initial NO3
– concentration of 0 μmol L–1.

Fig. 4. The initial steady state fluxes of N2 and denitrification (at t < 0),
followed by a simulated time-dependent response of sediment denitrifi-
cation rate and N2 flux out of the sediment after changes in the sediment
flushing rate (at t = 0) from 87 and 3.5 L m–2 d–1 and vice versa from 3.5
to 87 L m–2 d–1 with a constant NO3

– concentration of 10 μmol L–1 in the
water column.



pools increased rapidly. The modeled increase in the 29N2 and
30N2 pools showed a similar pattern to that measured, with a
significant increase in the pools only occurring after 4 h, after
which concentrations increased rapidly (Fig. 7a).

N2 fluxes measured using the N2:Ar method showed a
clear increase at increased core stirring speeds with N2

fluxes increasing from ~70 to ~130 μmol m–2 h–1 (average of
both HPL and SCU data sets) when the sediment flushing
rate increased from ~3.5 up to ~90 L m–2 d–1 (Fig. 7b). The
“killed control cores” had an average N2 flux of –0.5 ± 11
μmol m–2 h–1. The modeled N2 fluxes generally agreed well
with the measured N2 fluxes, with the exception of the
fluxes modeled at a flushing rate of 3.5 L m–2 d–1, which
were lower (18 μmol m–2 h–1) than the lowest measured flux
(48 μmol m–2 h–1). Interestingly, modeled rates of denitrifi-

cation increased very little once a flushing rate of ~40 L m–2

d–1 was reached.
Rates of denitrification measured using IPT after 11 h of incu-

bation in the flushing gradient experiments were less than 
30 μmol m–2 h–1 and were generally less than 30% of the rates
measured using the N2:Ar ratios (Fig. 7b). This was with the
exception of one data point, measured at a flushing rate of 18 L
m–2 d–1, which agreed well with the measured rates of denitrifi-
cation using the N2:Ar method, and occurred in the core, which
had high rates of respiration (~–1000 μmol m–2 h–1). Modeled
and measured rated of D14 after 11 h incubation were generally
in good agreement with the measured rates after 11 h (Fig. 7b).
After a simulated 22 h pre-incubation, the modeled rates of D14,
were in close agreement with the modeled denitrification rate.

Bag incubations—The bag incubation experiments showed a
close agreement between the rates of denitrification measured
using isotopes and the N2:Ar methods (Table 3), and the rates
measured using both methods were highly correlated 
(r2 = 0.99). Denitrification rates increased with increasing NO3

–

addition, and a monod kinetic fit to the data pooled for both
methods yielded a of 30 μmol L–1 and a maximum rate con-
stant of 270 nmol N mL sed–1 d–1 (r2 = 0.83). Organic matter
additions apparently had no effect on the rate of denitrifica-
tion under the given conditions.

N2:Ar laboratory comparison—There was a significant offset
of ~10 μmol L–1 in the N2 concentrations measured by SCU
and HPL (data not shown). Despite the consistent offset in
concentrations of N2, there was no consistent offset between
the rates obtained from both instruments (paired t test, P >>
0.1). There were, however, large discrepancies at times, with
the rates differing by up to 60% of the mean, the average dif-
ference between the rates was ± 37% of the mean. There was
no correlation (r2 = 0.02) between the rates calculated from the
data obtained from the two labs. Thus, whereas the data from
both labs showed no co-variation, no systematic differences in
the rates obtained from each lab could be distinguished. As
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Fig. 5. (a) The simulated development of D14 over time after the addi-
tion of 20 μmol L–1 15NO3

– to the water column of cores at steady state
with 0, 10, and 50 μmol L–1 14NO3

–, respectively. (b) The simulated devel-
opment of D14 after the addition of 50 μmol L–1 15NO3

– to the water col-
umn of cores with 250 μmol L–1 14NO3

– incubated at flushing rates of 3.5
to 87 L m–2 d–1, simulating the incubation conditions of the experimental
cores. Also shown is the development of D14 under diffusive as well as
high respiration conditions at a sediment flushing rate of 18 L m–2 d–1

starting from steady state with 250 μmol L–1 14NO3
– in the water column.

Fig. 6. The measured and simulated sediment O2 fluxes at different sed-
iment flushing rates.



such, the removal of O2 in the mass spectrometer did not
appear to have a significant impact on the measured N2 fluxes.
The observations also underline the importance of careful
handling of N2:Ar samples prior to analysis and the need for
short storage times. Although no bubbles were observed in our
samples immediately before analysis, the conditions were not
optimal in the present investigation, with long transport dis-
tances and storage times of several weeks under poorly con-
trolled temperatures (no bubble formation was observed). The

observation may also suggest the need for intercalibration
between different instruments.

Discussion
Model comparison with measured data—The close agreement

between the rates of denitrification measured using isotopes
and the N2:Ar method in the bag incubations (Table 3) con-
firmed that the discrepancies observed between the two meth-
ods in the core incubations did not arise from analytical errors.
Thus, the discrepancies observed were most likely related to
transport phenomena as discussed below.

The modeled O2 fluxes were consistently slightly lower than
those measured in the cores (Fig. 6). This discrepancy most likely
arises from the fact that we only included diffusion and an
advective flow field generated from the pressure gradients within
the cores in the model. In reality, additional transport through
bioturbation (also referred to as enhanced diffusion for solutes),
bioirrigation, and possibly also small scale advective flushing of
the top few millimeters of sediment will occur. Additionally
macrofauna themselves (which were deliberately excluded from
the bag incubations) will also consume O2. These additional
transport and consumption mechanisms will mean that O2 con-
sumption rates within the cores will be higher than that mod-
eled. Despite the slight offset in the absolute rates, however,
there was a good agreement between increase in the sediment O2

consumption rates for the modeled and measured data, which
gives us confidence that the advective component of transport
driven by pressure gradients within the core was well parameter-
ized in our model. Because the aforementioned transport
processes decrease exponentially with depth (e.g., Berg et al.
2003), they are likely to have much less impact on the modeled
denitrification rates than the O2 fluxes since denitrification only
occurs below the oxic zone of the sediment. Indeed, there was
no consistent offset between the modeled and measured rates of
denitrification (Fig. 7b).

Both the experimental and modeling approaches clearly
showed that the production of labeled N2 will not come to
steady state until 6 to 24 h after the 15NO3

– tracer addition in
permeable sediments with advective flushing. Thus, the rates
of denitrification measured using IPT will underestimate den-
itrification rates in sandy sediments when the incubation is
commenced immediately after 15NO3

– addition, as was the case
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Fig. 7. (a) The modeled and measured time-dependent amounts of 29N2

and 30N2 after the addition of 50 μmol L–1 15NO3
– to a water column con-

taining 250 μmol L–1 14NO3
– in cores with a sediment flushing rate of 18 L

m–2 d–1. (b) Modeled and measured N2 fluxes or denitrification rates at sed-
iment flushing rates in cores ranging from ~3.5 to ~90 L m–2 d–1. Measured
data shown are N2 fluxes (data from both laboratories, mean ± range, n =
2, filled circles) and IPT after an 11-h incubation (filled squares). Modeled
data shown are N2 fluxes (open circles), rates of denitrification (open trian-
gles), D14 simulating an incubation period of 0 to 11 h (open squares) and
D14 simulated 42 h after label addition (gray squares). Note the high rate of
D14 measured after an 11-h incubation for the core with a flushing rate of
~15 L m–2 d–1 which was the same core with high respiration rates remarked
upon in Figure 6. (see Discussion for explanation).

Table 3. Volumetric rates of denitrification measured using isotope
production and the N2:Ar method in bag incubations of sediment
from the study site for different treatments

Treatment Isotopes N2:Ar

20 μmol L–1 15NO3
– 97 ± 2 134 ± 15

50 μmol L–1 15NO3
– 130 ± 6 164 ± 29

100 μmol L–1 15NO3
– 201 ± 3 227 ± 23

20 μmol L–1 15NO3
– + 0.1 g bag–1 Spirulina 87 ± 5 132 ± 17

100 μmol L–1 15NO3
– + 0.1 g bag–1 Spirulina 200 ± 6 213 ± 17

Values shown are nmol N mL sed–1 d–1 ± standard error of the regression.



here. This is in contrast to most reports of IPT incubations for
sediments with low permeability in the literature, which show
that the production of labeled N2 reaches steady state within
1 h of tracer addition (e.g., Nielsen 1992; Rysgaard et al. 1995).

As mentioned in the Methods section, a true simulation of
the N2 fluxes for our core incubations was not possible because
we didn’t know the initial N2 distribution within the sediment.
Thus, we assumed that the N2 distribution within the cores was
at steady state at each flushing rate simulated prior to the addi-
tion of 250 μM NO3

– to the water bath. Evidence for the valid-
ity of this simplified approach comes from the fact that there
was an insignificant flux of N2 out of the sediment in the killed
control cores, suggesting there was no major re-equilibration of
the sediment N2 pool. The modeled data generally fell within
the range of the measured data and also followed the same
trend (Fig. 7b). However, the modeled N2 flux was slightly
lower than the measured data at flushing rates of ~3.5 L m–2 d–1.
Such differences may be related to inaccurately estimated rates
and distribution of Rmin (the rate constant for organic matter
mineralisation within the sediment), differences between the
actual and modeled initial N2 distribution within the sediment
when the cores were collected from the field, additional trans-
port phenomena to those included in the model and different
sediment permeability.

A major discrepancy between the modeled and measured
denitrification rates was observed in the core run at a sediment
flushing rate of ~15 L m–2 d–1 (Fig. 7b), where it can be seen that
the observed D14 was much higher than that modeled. This
outlying core was the one with a high rate of sediment respira-
tion noted in Fig. 6. Our simulations showed that increased
sediment respiration greatly reduced the time for D14 to come
to steady state after 15NO3

– addition (Fig. 5b), thus explaining

the much higher rate of D14 measured after 11 h in this core
compared to the other lower respiration cores.

Effect of flushing on the sediment denitrification rate and
methodological implications—Before discussing the method-
ological implications of our findings we would like to stress
that the absolute values of our results are only applicable to
the experimental and modeled core geometry used here. Rates
and equilibration times will vary between experimental
geometries. Nevertheless, our data clearly show the impact of
advective porewater exchange on denitrification and the fol-
lowing discussion provides an insight into the types of inter-
actions that might be expected.

The overall effect of sediment flushing versus diffusive con-
ditions on denitrification had a strong dependence on the
NO3

– concentration in the water column. Under diffusive con-
ditions, the model simulations suggested a much greater nitri-
fication rate and, hence, denitrification fed from nitrification
(Fig. 2a). As such, when no NO3

– was present in the water col-
umn (that is, 100% coupled nitrification/denitrification), den-
itrification rates were approximately 2 to 6 times higher under
diffusive compared to flushed conditions. With the onset of
flushing, nitrification initially decreased markedly (Fig. 2b)
because reduced substances such as NH4

+, can leave the sedi-
ment without passing through an oxic zone in the sediment
(Fig. 8), in agreement with experimental observations (Huettel
et al. 1998). At increased sediment flushing rates, nitrification
did increase again slightly (Fig. 2b) as the oxic zone of the sed-
iment expanded (Fig. 8). At higher NO3

– concentrations in the
water column, sediment flushing led to higher denitrification
rates than under diffusive conditions, enhancing denitrifica-
tion by factors of up to ~5. This results from an increased area
across which NO3

– can enter the denitrification zone and also
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Fig. 8. The simulated effect of sediment flushing rate on the O2 distribution within the sediment (top panels) and the distribution of denitrification within the
sediment (bottom panels) in an axial slice (as illustrated in Fig. 1c) of the upper portion of the core with a water column NO3

– concentration of 250 μmol L–1.



increased NO3
– transport rates into the anoxic zone, which

together result in a greater sediment volume with potential
denitrification (Fig. 8). The size of the oxic/anoxic interface
only increases marginally above a flushing rate of 18 to 44 L
m–2 d–1 at the sediment respiration rates used and, therefore,
the sediment denitrification rate only increases marginally
above this rate. The effect of flushing on denitrification, thus,
is a complex interaction between nitrification rates, NO3

– water
column concentrations, pore water flow fields, and sediment
respiration rates. As such, the potential effect of flushing
should be considered with regard to the field site or experi-
mental system in question.

Our results highlight the importance of considering advec-
tive processes when performing denitrification measurements
(or any other process rate) in sandy sediments. To date, all
published studies of denitrification in sandy sediments have
been conducted in small diameter cores (e.g., Jensen et al. 1996;
Lohse et al. 1996), with no consideration given to advective
processes. It is possible that the circular stirring mechanisms
employed in such incubations may have led to a certain
amount of advective pore water circulation within the cores
(although we note in the study of Lohse et al. 1996, this was
purposely avoided by switching the stirring direction at 5 s
intervals). However, it is most likely that the advective flushing
rates in such narrow core incubations are low. Therefore, we
suggest that studies of denitrification in sandy sediments,
which do not take into account advective processes may under-
estimate the process by several times when NO3

– water con-
centrations are low, or possibly overestimate the rates when
sediment NH4

+ concentrations are high. We, therefore, suggest
that simple modeling approaches, such as the one used here,
be used to predict the impact of sediment flushing rates on
denitrification rates and that such models be used to design
representative experiments in permeable sandy sediments.

The experimental and modeling studies performed here
highlight the shortcomings of both IPT and direct N2 flux
measurements in sandy sediments under advective flow fields.
IPT requires a long time after 15NO3

– tracer addition to reach
steady state (up to 24 h), stressing the need for experimental
studies to add the 15NO3

– tracer ~1 d in advance before a time
series measurement of N2 production is commenced. Aside
from this shortcoming, IPT has the advantage that once the
15NO3

– tracer has reached steady state within the sediment, the
production of labeled N2 gas gives a true measure of denitrifi-
cation rate (assuming no anammox) occurring under the cur-
rent incubation conditions.

The flux of N2 across SWI will only reflect the actual deni-
trification rate under steady state conditions. When large per-
turbations to steady state conditions are made, such as the
addition of NO3

– to a core, the N2 flux across SWI will take well
in excess of 5 d to reach steady state with the newly estab-
lished denitrification rates (Fig. 3). This finding agrees with
that of Jahnke et al. (2000), who suggested that changed rates
of pore water transport resulting from chamber emplacement

would lead to measured fluxes of nutrients being out of bal-
ance with production rates for weeks to months. As such, N2

fluxes must be integrated over appropriate time scales when
using this technique in sediments that experience variable NO3

–

and NH4
+ concentrations in the water column. In addition,

the direct flux of N2 across SWI is highly sensitive to changes
in sediment flushing rates (Fig. 4). An increase in the sediment
flushing rate from a previous condition of lower flushing will
result in a “washout” of N2 previously accumulated in the pore
water, leading to erroneously high measurements of denitrifi-
cation. Similarly a reduction in the flushing rate will lead to
an underestimate in denitrification rates, because the N2 con-
centrations in the pore water are lower than would be
expected at steady state for the newly established transport
regime. This finding has important implications for benthic
chamber studies in permeable sediments, where flux mea-
surements are commenced shortly after chamber emplace-
ment, which establishes a new sediment flushing regime. The
model simulations suggest that artefacts occurring from
changes in the flushing conditions are relatively short and
most likely would not produce significant experimental arte-
facts if the newly imposed flushing state is allowed to “equili-
brate” for ~24 h.

Given the aforementioned disadvantages of core and
chamber incubations, we suggest that the organic matter
mineralisation rate (Rmin, both as C and N equivalents) and the
nitrification rates (kNI) be measured within the surface layers of
the sediment under consideration. These parameters can then
be used in conjunction with a range of sediment flushing rates
to reconstruct the likely rates of denitrification under a range
of conditions likely to be encountered in-situ. In terms of the
experimental approach to determine these kinetic parameters,
we suggest the use of short intact sediment columns where the
substrates are pumped through under oxic or anoxic condi-
tions. By taking such an approach, the structural integrity of
the sand and the mode of substrate delivery are maintained.
Additonally, the above-mentioned problems of non-steady
state conditions are overcome. Furthermore, this approach
avoids the use of the large “advective” sediment cores
described here, which are cumbersome and impractical in
deep water sites. The present work clearly emphasizes the
complexity for resolving in situ process rates in coastal sandy
sediments, where environmental controls such as flow veloci-
ties, temperature, salinity, and nutrient concentrations are
constantly changing; a dynamic poorly represented by tradi-
tional chamber enclosures.

Comments and recommendations
We identified a number of factors that should be consid-

ered when measuring denitrification in permeable sediments.
First, sediment flushing may significantly affect rates of deni-
trification, which calls into question rate measurements made
in small diameter intact cores that do not reproduce advective
processes likely to occur in the field. Second, we identified a
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number of methodological considerations pertinent to direct
N2 flux measurements and IPT. Changes in sediment flushing
rates and water column NO3

– concentrations will lead to a
transient offset in N2 fluxes compared to actual denitrification
rates within the sediment until a new steady state is reached.
The time needed for equilibration to the new steady state may
be 1 to 5 d depending on the nature of the perturbation. The
measurement of denitrification using IPT in stirred cores with
a radius of 95 mm require pre-incubations of ~24 h after
15NO3

– addition before a steady-state production of labeled N2

will occur. As such, if core incubations are to be used to mea-
sure denitrification in sandy sediments, they should be set up
to mimic advective processes and have pre-incubation times
for longer than 1 d to allow a re-equilibration of the N2 pool
within the sediment associated with changed flushing condi-
tions. Long pre-incubation times may also be necessary at sites
that experience large changes in NO3

– concentrations in the
water column and sediments, due to, for example, the mixing
of two water bodies and or the activity of benthic micro-
phytes. Because the rates of denitrification are affected by the
sediment flushing rate, we suggest that, ideally, parameters
such as the saturation and half saturation constants of the
denitrification rate and sediment respiration rates be deter-
mined for the particular sediment and that this be used in
conjunction with knowledge of sediment flushing rates to
model in-situ denitrification rates.
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