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Abstract Permeable sediments, which make up almost half of the continental shelf worldwide, are potential
sources of the important greenhouse gas N2O from coastal regions. Yet, the extent to which interactions between
these sediments and anthropogenic pollution produce N2O is still unknown. Here we use laboratory experiments
and modeling to explore the factors controlling N2O production at a eutrophic site in a temperate shallow marine
embayment (Port Phillip Bay, Australia). Our results show that denitrification is the main source of N2O
production within permeable sediments, but the extent to which N2O is actually released is determined by the
rate of seawater exchange with the sediment bed (which governs solute residence time within the bed). In wave‐
dominated coastal areas, shallower water with more intense waves (wave height > 1 m) release the most N2O,
with up to 0.5% of dissolved inorganic nitrogen pumped into biologically active eutrophic sediment being
released as N2O. Our results suggest rates of N2O production in coastal permeable sediments are generally low
compared to other environments.

Plain Language Summary Permeable sands cover almost half of the coastal continental shelf around
the world. The permeability of sand sediments, means water can flow through these sediments in complex
patterns driven by waves and currents. This flow through the sediment can control nitrous oxide and methane
production which are poorly understood. This is particularly important in regions impacted by nitrogen
pollution where production of these greenhouse gases can be high. Here we combine experiments and modeling
to explore the factors controlling N2O production at a sandy site impacted by nitrogen pollution (Port Phillip
Bay, Australia). Our results show the rate of nitrous oxide release to the water column is governed by the rate of
seawater exchange with the bed. Shallower water with more intense waves (wave height exceeding 1 m) releases
the most N2O, with up to 0.5% of dissolved nitrogen pumped into the sediment being released as N2O. Overall,
these results suggest permeable sediments have relatively low rates of nitrous oxide release most of the time.

1. Introduction
Nitrous oxide, N2O, is an important atmospheric greenhouse gas, contributing to climate change and stratospheric
ozone depletion. Inland and coastal waters emit about 3% of global N2O (0.6 Tg N (N2O)/year−; 5th IPCC
assessment report–Ciais et al., 2013) while coastal areas account for approximately 15%–45% of the global
oceanic N2O source (Nevison et al., 2004). A more recent reconstruction of global oceanic N2O source estimates
an annual mean N2O flux of 4.2 ± 1.0 Tg N/year (Yang et al., 2020) while Tian et al. (2020) studied global N2O
budget for 2007–2016 and found inland and coastal waters to emit 0.2 to 0.7 Tg N/year from anthropogenic
sources (Tian et al., 2020). N2O production in coastal areas is attributed to anthropogenic nitrogen inputs from a
range of sources, including wastewater treatment plants, agricultural practices and groundwater (Seitzinger &
Kroeze, 1998; Tian et al., 2020). Given that anthropogenic nitrogen inputs to estuarine and coastal ecosystems
worldwide is increasing, an increase in future N2O emissions from coastal areas is predicted (Bange, 2006). While
N2O production from terrestrial ecosystems and rivers and streams have been more extensively studied, there is a
paucity of studies delving into the factors controlling production in coastal sediments.

N2O is produced as a by‐product or intermediate of the biochemical processes of nitrification and denitrification
respectively (Bange, 2006). In coastal environments, these processes can produce N2O through interactions with
sediments (O'Reilly et al., 2015). Permeable sediments comprise >40% of the continental margin worldwide
(Riedl et al., 1972). Permeable sediments differ from fine‐grained “impermeable” (or cohesive) sediments in that
solute transport and exchange in permeable sediments are dominated by rapid advective flows as opposed to
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diffusion. It is thus strongly suspected that permeable sediments are hotspots of marine nitrogen cycling and its
role needs to be better constrained (Chua et al., 2022; Huettel et al., 2014). As a result of their relatively high
permeability and topography, small pressure gradients generated at the sediment‐water interface (SWI) drive pore
water flows through the sediment, thereby modulating spatial and temporal patterns of seawater circulation
through these sediments (Huettel et al., 2014). Consequently, organic matter and other solutes from the water
column transported into the seafloor contribute to oscillating oxic/anoxic conditions within these sediments. This
can have a complex effect on redox processes such as the nitrogen cycle which is driven by oxic/anoxic transitions
(Cardenas et al., 2008; Cook et al., 2006; Kessler et al., 2012, 2013; Precht et al., 2004). There is some evidence
that permeable sediments are a potential source of N2O (Jameson et al., 2021; Marchant et al., 2016; Schutte
et al., 2015; Wong et al., 2021). However, the spatial and temporal variability of N2O production caused by
seawater recirculation through permeable sediments has been overlooked. It is still not fully known under what
conditions (physical and/or biogeochemical), N2O is more likely to be released from the sediment in coastal
environments.

In coastal environments, surface gravity waves can drive the transport of material into and out of permeable sands
(Fogaren et al., 2013; Hume et al., 2011; Precht & Huettel, 2004; Rodellas et al., 2020). Two forcing mechanisms
contribute to this process: (a) wave pumping in which a passing surface water wave causes pressure at the SWI to
oscillate in time, with higher and lower pressures under wave crests and troughs, respectively and; (b) flow‐ and
topography‐induced pressure gradients (or bedform pumping) where pore‐water exchange occurs when orbital
water motions in the wave boundary layer reach the seabed sediments. Undertaking gas flux measurements,
whilst maintaining these exchange processes is difficult, and therefore coupled hydrodynamic/biogeochemical
models in combination with bio‐kinetic sediment rate constants provide a means to estimate sediment exchange
rates and gain insights into the factors controlling this (Azizian et al., 2015; Kessler et al., 2012).

Here we combine wave data, bio‐kinetic rate measurements of N2O production in a novel Pumping and
Streamline Segregation model (PASS, Azizian et al., 2015) to explore how the scale and rate of pore exchange
govern the water residence time, nutrient cycling and N2O production in seabed sediments. We focused spe-
cifically on the net N2O produced by permeable sediments in Werribee, Port Phillip Bay, Australia. This eutrophic
site is adjacent to a major sewage treatment plant which continuously discharges organic matter and inorganic
nitrogen (Harris et al., 1996; Hirst et al., 2016). Rates of N2O production estimated here therefore likely represent
an upper range of emissions for this sediment type.

2. Methods
2.1. Laboratory Experiments

To investigate N2O production pathways in permeable sediments and quantify corresponding kinetics, we per-
formed laboratory manipulative experiments using flow through reactors (FTRs, as described by Evrard
et al., 2013) on Werribee sediments (Table 1). In Experiment 1, we investigated N2O production under oxic‐
anoxic transitions (dissolved oxygen of inflow was varied from 267 to 109 to 0 μmol/L O2) at four distinct
NO3

− concentrations (34, 80, 242 and 840 μmol/L). In Experiment 2, we investigated the effect of inflow NH4
+

concentrations (5, 18, 36, 100 and 358 μmol/L) on N2O production under oxic conditions (152 μmol/L O2;
Experiment 2). These DIN concentrations were chosen based on the seasonal nutrient concentrations in Port

Table 1
Details of Flow Through Reactors Experiments (Experiment 1–3)

Dimension and number of reactor (diameter × height)
Dissolved oxygen concentrations at

the outlet (%sat)
Reactor pumping/flow rate

(mL/min)
Concentration of substrate in

inlet reservoir (μmol/L)

Experiment 1: Effect of dissolved oxygen and NO3
− on N2O production

4.8 cm × 1.0 cm (n = 12) ∼0, 50, 100 0.1–10 NO3
− (34, 80, 242, 840)

Experiment 2: Effect of ammonium concentrations on N2O production

4.8 cm × 3 cm (n = 9) 60 ± 5 1.1–1.3 NH4
+ (5, 18, 36, 100, 358)

Experiment 3: N2O consumption experiment

4.8 cm × 1.0 cm (n = 12) ∼0 0.2–8 N2O (11–800)
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Phillip Bay (Wong et al., 2022). In Experiment 3, we measured the rate of N2O consumption in permeable
sediments at different water residence times.

Sediment cores and seawater were collected from the Werribee South beach. Intact sediment cores were collected
using 50 × 4.1 cm (length × inner diameter) acrylic cylinders and stoppered. Upon return to the laboratory, the top
5 cm of sediments from multiple cores were sliced and pooled to homogeneity before being sieved through a
2 mm mesh‐size sieve to remove shell debris and large fauna to eliminate potential “void zones” or preferential
flow paths as well as faunal death and decay during the experiment which would lead to unreliable kinetic
measurements. It is possible this process can alter sediment biogeochemistry, however given that permeable
sediments are regularly moved and disturbed this is generally not considered to lead to major alterations in process
rates, and is standard practice in the field, for example, Marchant et al. (2016), Evrard et al. (2013). The sediment
was packed separately into FTRs underwater to ensure no entrainment of air bubbles in the reactors. All the
reactors were wrapped with aluminum foil to prevent light penetration and thus photosynthesis. For Experiment 1
and 2, filtered in situ bay water in separate reservoirs was purged continuously with either argon and/or air and
was cycled through the sediment reactors. The reservoir for Experiment 3 was purged with 1,000 ppm N2O gas.
The reactors were left to stabilize overnight before the experiments were started. The size of the reactors used, the
dissolved oxygen conditions of the reservoirs and the flow rate of the circulated bay water were adjusted based on
different experiments as outlined in Table 1. The dissolved oxygen (DO) in the reservoir and the outlet of the
reactor was constantly measured with a DO probe (Hach HQ40d) and an optical flow through‐cell sensor
(Firesting Oxygen meter, Pyroscience), respectively. Approximately an hour after the experimental conditions
were established, porewater samples were collected from the outlet of each reactor using gastight glass syringes.
Samples were transferred to separate 12.5 mL gas‐tight exetainers (filled to overflowing) and preserved with
25 μL HgCl2 for the analysis of N2O gas. Approximately 10 mL of sample from each reactor was also collected
and filtered through 0.2 μm pore‐size filter for the analysis of NO3

−, NO2
−, and NH4

+ concentrations. Similarly,
samples were also collected from the reservoirs when adjusted with different dissolved oxygen and nutrient
concentrations. The N2O samples were stored at room temperature while nutrients samples were stored frozen
until analysis. The concentrations of NOx (NO3

−+NO2
−), NO2

− and NH4
+ were determined spectrophoto-

metrically on a Lachat Quickchem 8000 following the procedures in Standard Methods for Water and Wastewater
(APHA, 2005). N2O concentrations in the headspace were determined using a VICI Trace Gas Analyzer. Prior to
the gas measurement, 6 mL of headspace was introduced by replacing 6 mL of water with helium. The final N2O
concentration in the water samples was corrected and calculated according to Weiss and Price (1980).

2.2. Mechanistic Modeling Approach

Our simulations build upon the model Pumping and Streamline Segregation Model (PASS; Azizian et al., 2015),
which takes into account advective pumping and biocatalytic transformation of dissolved inorganic nitrogen
within sediment beds. In the following, we briefly describe the model, its validation and steps for data processing
and synthesis used to model fluxes across the SWI in coastal settings.

2.2.1. General Approach: Hydrodynamic Conditions

Hydrodynamic (wave) parameters for Werribee, Port Phillip Bay were obtained from https://vicwaves.com.au/
(this data set is part of a study measuring sea climate along Victoria's coasts as part of the Victorian Coastal
Monitoring Program). We used data from 1 January 2021 to 30 August 2022 (20 months of time series wave data),
containing significant wave height and mean wave period, measured by wave buoys at a water depth of 12 m.
Wavelength, Lw was calculated using the dispersion equation:

Lw =
gT2

2π
× tanh(

2πd
Lw

) (1)

where T represents the wave period, g is gravity and d is the water depth.

We analyzed variation in pore water exchange and N2O production spatially with distance from shore, namely at
water depths of 12 m (as above) and 2 m. Measured wave heights, Hw at a water depth of 12 m were translated to
corresponding heights at 2 m water depth using the shoaling coefficient equation (Ippen, 1966) as follows:
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ks =
H
Ho

= ( tanh(k × d) × (1 + (
2kd

sinh(2kd)
)))

−0.5

(2)

where k = wave number = 2π/Lw, Ho is wave height in deep water and H is that at 2 m depth.

In order to understand the effect of wave conditions on the efflux of N2O, we grouped wave events according to
their Hw: (a) Category 1 (calm conditions), Hw < 0.1–0.5 m, representing background conditions; (b) Category 2
(moderate conditions) Hw 0.5–1.0 m, that is, above background conditions and (c) Category 3 (significant
conditions) with Hw > 1 m. Average wave parameters from each event were used in the subsequent pore water
exchange and efflux calculations (Sections 2.2.2 and 2.2.3). The driving pore water exchange mechanism was
determined based on the d/Lw ratio of each wave event, with wave pumping prevalent at ½ < d/Lw < 1 and
bedform pumping at d/Lw < ½ as per Precht and Huettel (2003).

2.2.2. Pore Water Exchange and Transit Time

The seawater exchange modeling combines previously published physics‐based models for bedform pumping
(Azizian et al., 2015; Elliott & Brooks, 1997) and wave pumping (King et al., 2009; Russoniello et al., 2018).
Porewater exchange due to bedform pumping is driven by pressure variation at the SWI arising from the ac-
celeration and deceleration of flow over the bedform and boundary layer separation effects.

An idealized model of this process, first introduced by Elliott and Brooks (1997) (see also Grant et al. (2014)),
yields the following formula for the maximum Darcy flux of water across the SWI induced by bedform pumping:

qEB =
2πhEB

m kh

λ
(3)

where hm
EB is the amplitude of the flow‐induced pressure head variation across the bedforms, kh is the sediment

hydraulic conductivity, λ represents the bedform (or ripple) wavelength. The amplitude of the pressure head
variation, hm

EB, can be estimated as (0.28 Uw
2/2 g) (Δ/0.34)γ (Elliot & Brooks, 1997; Grant et al., 2020) where the

variables Uw represent the average steady‐unidirectional flow velocity, g is the gravitational acceleration con-
stant, Δ = ηr/d, ηr is the ripple height, and d is the water depth. The empirical exponent, γ is taken as 3/8 (if
Δ < 0.34) or 3/2 (if Δ > 0.34). Here we assume that the magnitude of the exchange flux due to unidirectional flow
is comparable to the exchange flux induced by surface‐wave driven oscillatory flow (as per Precht &
Huettel, 2003).

Porewater exchange due to wave pumping is driven by the time varying hydrostatic pressure beneath passing
surface waves. Small amplitude wave theory predicts that the pressure head at the SWI induced by the propa-
gation of a single harmonic surface wave can be written as: h(x, t) = aKp sin(kx – σt), where the variables represent
time t, the horizontal distance along the bed x, pressure response factor Kp = 1/cosh(kd), the depth of the water
column d, the surface wave's amplitude a, wave number k = 2π/Lw, and angular frequency σ = 2π/T. This solution
implies that the pressure head at the bed induced by a traveling surface wave propagates in the positive x‐direction
at celerity c = σ/k = Lw /T. We define a new coordinate system following the pressure wave: x´ = x – σt/k.
Expressed in terms of this new coordinate system, h (x´, t) = hm sin(kx´) where the variable hm = aKp is the
maximum pressure head amplitude induced by the surface wave. This equation is isomorphic to the sinusoidal
pressure head applied to a flat SWI in the classic bedform pumping model first introduced by Elliott and
Brooks (1997) and mentioned above. Thus, their analytical solution for the two‐dimensional interstitial velocity
field can be applied directly to our problem. The resulting maximum Darcy flux across the SWI due to wave
pumping is:

qSW =
2πhSW

m kh

Lw
(4)

The age of water exiting the sediment bed and returning to the overlying water column—or transit time distri-
bution—takes into account the age of water parcels transiting along individual streamlines through the sediment
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and the partitioning of water flux across streamlines (Azizian et al., 2015). More information about the model
principles and set‐up (downwelling and upwelling zone and concept of unit cell) can be found in Azizian
et al. (2015) and Grant et al. (2014).

2.2.3. PASS Benthic Fluxes

PASS combines the flow field for advective pumping (bedform or wave) with biogeochemical reactions for
aerobic respiration (AR), nitrification (NI), denitrification (DN) and ammonification (AM) (Azizian et al., 2015).
PASS neglects solute transport through the sediment by molecular diffusion and mechanical dispersion and
assumes that the sediment is homogeneous and infinitely deep; a previous study by Grant et al. (2014) specifically
examined the relative importance of diffusion, mechanical dispersion, and advection on solute transport through
bedforms by bedform pumping and found that, for most environmentally relevant conditions, advection domi-
nates. The PASS model has also been validated with laboratory measurements of nitrogen transport and trans-
formation in ripples under hydrodynamic conditions similar to those found in coastal settings (Azizian
et al., 2015). We added the kinetics for N2O production into the existing PASS model; specifically, the rate of
N2O production was modeled as a function of the rates of nitrification RNI and denitrification RDN as follows:

RN2O = fdnRDN + fniRNI;τ < τcrit,CNO−
3

> 0 (5)

where fdn and fni are denitrification and nitrification fractions respectively, calibrated to experimental data. While
N2O accumulates in the presence of nitrate, this is followed by a net consumption when oxidized nitrogen become
limiting (Marchant et al., 2016). To account for N2O consumption, N2O concentration along a streamline was
taken to be zero upon reaching a certain threshold transit time (Reeder et al., 2018). The threshold transit time
(τcrit) was taken to be 6 hr. This constituted our Model A. Based on results of Experiment 3, complete N2O
consumption was observed at a transit time of 20 min. Sensitivity analysis performed with τcrit = 20 min showed
agreement with results of Model A (Figure S3 in Supporting Information S1, Werribee data set, Model A.1).

Based on additional flow through reactor experiments with varying NH4
+ concentrations (Experiment 2), we

developed Model B where N2O production from nitrification and denitrification was simulated separately. N2O
production due to denitrification was modeled as above (i.e., N2O net production at τ < τcrit, and complete
consumption at τ > τcrit). For N2O production due to nitrification, a reduced value of fni (Text S1 and Table S1 in
Supporting Information S1) was adopted which accounted for net production (i.e., production–consumption) for
all τ. As modeled fluxes between the two models were comparable (their ratio approached unity for the most
important wave climates; Figure S4 in Supporting Information S1), results for Model A only are reported.

Monod rate expressions were adopted for the rates of aerobic respiration RAR, ammonification RAM, nitrification
RNI, and denitrification RDN all in units of mol/m3/s:

RAR =
RminCO2

CO2
+ Ksat

O2

(6)

RAM =
1

γCN
RAR (7)

RNI = kNiCO2
CNH+

4
(8)

RDN = θinh
O2

κ
RminCNO−

3

CNO−
3

+ Ksat
NO−

3

; θinh
O2

=
Kinh

O2

CO2
+ Kinh

O2

(9)

where Rmin is the respiration rate of sediment organic matter in mol/m3/s, γCN is a constant for ammonification, kNi

is a bimolecular nitrification rate constant in m3/mol/s, Ksat
O2

and Ksat
NO−

3
are half‐saturation constants for aerobic

respiration and denitrification respectively in mol/m3, CO2
,CNH+

4
,CNO−

3
are the concentrations of oxygen,

ammonium and nitrate respectively in mol/m3, Kinh
O2

is the half saturation constant for O2 inhibition of denitri-
fication in mol/m3 and κ is an empirical factor, taken as 0.05. Anammox was neglected because previous studies
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have found it to be a minor contribution to nitrogen cycling in coastal permeable sediments (e.g., Evrard
et al., 2013).

The concentrations of oxygen (CO2
), ammonium (CNH+

4
) and nitrate (CNO−

3
) along any streamline through the

sediment evolve with water parcel age (τ) according to the following set of mass balance expressions:

dCO2

dτ
= −RAR − 2RNI (10)

dCNO−
3

dτ
= RNI − RDN (11)

dCNH+
4

dτ
= RAM − RNI (12)

the benthic flux of the ith species (incl. nitrous oxide), Ui was calculated as follows (Azizian et al., 2015):

Ui = −km [Ci(0) − Ci,bed] (13a)

Ci,bed = ∫

∞

−∞
Ci (τR = Daτ f ; chemistry)

dFRTD

d log10τ f
d log10τ f (13b)

Ci(0) represents the concentration of the ith species in seawater entering the sediment bed in the downwelling
zone, Ci,bed represents the flow‐weighted concentration of the ith species leaving the sediment bed in the up-
welling zone, and km is the average volume of water flowing across the SWI per unit area of bed surface (i.e., the
average Darcy flux across the SWI also sometimes called the pore water flushing rate). The average Darcy flux is
related to the maximum Darcy fluxes indicated above for bedform and wave pumping (see Equations 3 and 4) by
km=q. The Damköhler number (Da) represents the ratio of time scales for transport (τT) and respiration of
sediment organic matter (τR = ksat

O2
/Rmin). To determine biogeochemical pathways dominating N2O production, we

evaluated the contribution of each nitrogen source to the efflux of N2O as per Azizian et al. (2015).

2.2.4. Hydraulic and Biogeochemical Variables Adopted for the Simulations

Sediment permeability of 1.01 × 10−11 m2, previously measured in Port Phillip Bay (Evrard et al., 2013), was
adopted for the simulation. Bedform or ripple geometry: the ripple length, λr was taken to be 0.4 m, which is close
to the average of 0.5 m in coastal environments, Shum (1993). The ripple height, ηr was estimated based on the
empirical equation by Warner et al. (2008) for ripples formed in wave‐dominated environments.

ηr
λr

= exp [ − 0.095(ln
do

ηr
)

2

+ 0.442 ln
do

ηr
− 2.28 ] (14)

for do/ηr > 10; if do /ηr ≤ 10, ηr /λr = 0.17. Variable do represent the diameter of the orbital motion. do was
calculated as per linear potential flow theory (Wiberg & Harris, 1994) as follows:

do =
Hw

sinh(kd)
(15)

Near‐bed wave velocity, Uw at a depth of 12 m was estimated using the empirical relationship given by Fogaren
et al. (2013): Uw = 0.19*Hw + 0.054. For shallower depths (i.e. 2 m), Uw was estimated from the relationship
given by linear wave theory (Wiberg & Harris, 1994) as follows:

uw =
πdo

T
(16)
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Biogeochemical parameters (Table S2 in Supporting Information S1) were either obtained from the literature or
calibrated to experimental data. Details of the calibration exercise are provided Text S2 in Supporting
Information S1.

2.2.5. Validation With Numerical Model, COMSOL

We compared PASS results (wave pumping) with numerical simulations performed using the finite element
model COMSOL (Bardini et al., 2012; Grant et al., 2014). For each wave condition, the two‐dimensional domain
was L m wide and 3 × L m thick and the number of elements ranged from approx. 180,000 to 235,000, with most
clustered around the SWI. The pressure distribution over the sediment bed, identical to the analytical pressure
equation (as above), was applied as a top boundary condition to predict benthic fluxes. In addition, the following
boundary conditions were imposed: (a) constant concentration at the top boundary; (b) a no‐flux condition at the
bottom boundary and (c) periodic boundaries at the edges. Parameter values followed those in Grant et al. (2014)
and those adopted in PASS. The rate equations in the reactive transport model (Bardini et al., 2012) were as per
above. We performed seven simulations (run to steady‐state), encompassing a range of wave conditions (Table S3
in Supporting Information S1). The agreement in benthic fluxes between the two models is highest (within
roughly 5%–15%) when pore exchange rates are highest and decreases as the exchange rate decreases. PASS has
been previously validated with COMSOL with respect to benthic flux estimation as a result of bedform pumping
as per Azizian et al. (2015).

2.3. Sensitivity and Statistical Analysis

In order to determine the most influential physical and chemical factors governing pore water exchange and N2O
efflux we conducted a global Monte Carlo sensitivity analysis of possible model parameter combinations as
compiled from the literature (Table S4 in Supporting Information S1). A uniform distribution bounded by the
literature values was created for each parameter (12 in total). We generated 10,000 Monte Carlo simulations
where each simulation involves randomly sampling and recording a set of parameters from their uniform dis-
tributions and estimating the pore water exchange and N2O efflux in each wave category at the two water depths.
Then we used statistical inference tools to identify the key drivers of N2O production at different spatial and
temporal scales. In the first instance, we computed the Spearman Rank correlation between each metric and the
pore water exchange rate and N2O efflux to screen out the most influential physical and biochemical parameters at
each water depth and for each wave category. Then we applied a multiple regression model to evaluate percent
variance explained and relative importance of each metric to N2O efflux in coastal permeable sediments:

ln(N2O efflux) = β0 + β1 ln(Hw) + β2 ln(kh) + β3 ln(Hb) + β4 ln(Cno3in) + β5 ln(Cnh3in) + β6 ln(fni)

+ β7 ln(fdn) + β8 ln(rmin) + β9 ln(kni) + ε (17)

where Hw is wave height, kh is sediment hydraulic conductivity, Hb is ripple height, Cno3in is nitrate concen-
tration in overlying seawater, Cnh3in is ammonium concentration in overlying seawater, fni is nitrification
associated emission fraction, fdn denitrification associated emission fraction, rmin is sediment respiration rate, kni
is nitrification bi molecular constant, the βs are the regression coefficients and ε is random error. We applied an
analysis of variance to nested models to quantify the sum of squares and hence percent variance explained by each
metric.

Further, to test the hypothesis that N2O efflux produced as a result of bedform‐driven pore water exchange is
significantly higher than wave‐driven exchange, we conducted a Kolmogorov‐Smirnov test on model outputs.

The dimensionless flux of N2O, F*N2O was calculated as the ratio between N2O efflux and the total flux per unit
bed area of dissolved inorganic nitrogen species (NO3

− and NH4
+) in seawater entering the sediment (FDIN0)

(following Marzadri et al., 2017). The theoretical N2O yield was calculated as the ratio of N2O efflux and total
denitrification fluxes.
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3. Results and Discussion
3.1. N2O Production in Permeable Sediments

N2O production under anoxic‐oxic transitions and varying NO3
− levels is shown in Figure 1a. Irrespective of

inflow NO3
−, N2O production peaked during low O2, and decreased sharply with increased O2, indicating

production during anoxic denitrification; this was equivalent to an N2O production rate of 1.3% of the modeled
rate of denitrification. N2O increased to a small degree at >1 μmol/L O2, likely from nitrification, the rate of
which was equal to 1.2% of the modeled nitrification rate. N2O production was found to be insensitive to NH4

concentrations under oxic conditions (Figure 1b); N2O was consistently produced at a concentration of
approximately 10 nmol/L, the rate of which corresponded to 0.023%, on average, of the measured rate of
nitrification. Results of the rate of N2O consumption at different water residence times can be found in Sup-
plementary Information. These fractions are similar to previously reported N2O emissions for rivers, reservoirs
and estuaries (Maavara et al., 2019).

When rate kinetics were coupled with coastal hydrodynamics (i.e., wave climate data), F*N2O ranged from
0.00018%–0.48% (average of 0.064%) at a depth of 2 m under DIN concentrations of 17.5 μmol/L NH4

+ and
51 μmol/L NO3

− (which are within the concentrations previously measured in Werribee, Wong et al., 2022).
F*N2O values for 95% of the simulations were lower than the IPCC proposed emission factor (EF) of 0.26%
(IPCC, 2019) and 46% of the simulations were within the global EFs estimates for rivers, estuaries, and reservoirs
of 0.025%–0.16% by Maavara et al. (2019). While EFs in these studies refer to N2O emissions as a function of
DIN concentrations/denitrification/nitrification, our F*N2O estimates refer to net N2O produced by the sediments
relative to total DIN flushed through the sediment; hence, N2O emissions from coastal permeable sediments are
likely to be lower than our F*N2O estimates.

Denitrification of seawater NO3
− accounted for approximately 88% of sedimentary N2O production. This is

consistent with the literature which suggest denitrification dominates N2O production compared to nitrification
(Marchant et al., 2018; Seitzinger, 1988). Modeled denitrification rates of the sediments (1,872 μmol/m3/h
average) were, on average, an order of magnitude higher than modeled nitrification rates (126 μmol/m3/h
average) which could explain the dominance of denitrification in N2O generation. The corresponding N2O yield
(i.e., ratio of N2O/N2) ranged between <0.01% and 1.8% (average of 0.17%). These are within the range pre-
viously observed in streams (Beaulieu et al., 2011), lake, river and coastal marine sediments (Seitzinger, 1988) of
0.1%–6% with the highest ratios typically observed in highly polluted sediments.

Figure 1. Ex situ measurements of N2O dynamics in permeable sediments, Werribee, Port Phillip Bay (a) flow through reactor (FTR) measurements of N2O production
during anoxic‐oxic transition across different NO3

− levels (34, 80, 242, 840) in μmol/L. (b) FTR measurements of N2O production under oxic conditions (153 μmol/L
O2) across different NH4

+ levels. All measured points shown.
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3.2. Temporal and Spatial Variability in Exchange Rate and N2O

We compared N2O production across different wave climates in relatively shallow (2 m) and deep (12 m) waters
at Werribee. Calm waves (<0.1–0.5 m Hw) occurred 73% of the time, moderate waves (0.5–1.0 m Hw) 23% of the
time and significant waves (>1.0 m Hw) 4% of the time. In shallow water (2 m), pore water exchange is over-
whelmingly controlled by bedforms (Figure 2a). In deep water (12 m), wave pumping contributes to 100% of pore
water exchange for moderate waves and 85% for significant waves (Figure 2b). Simulated pore‐water exchange
rates were comparable to the literature (Mu et al., 1999; Precht & Huettel, 2003; Riedl et al., 1972; Russoniello
et al., 2018), ranging from 1 to 330 L/m2/d for depths of 2–12 m. According to Precht and Huettel (2003), 50–
100 L/m2/d is a moderate value for advective pore water exchange in permeable shelf sediment exposed to
oscillating flow near the sediment bed.

Furthermore, exchange rates varied by a factor of 17 on average between calm and the most significant waves
(2 m water; Figure 2a). Exchange rates decreased by approximately five times in 12 m water under the most
significant waves. Paralleling pore water exchange rates, N2O production rates also increased with increasing
wave height. F*N2O increased by two orders of magnitude, on average, from the calm to the most intense waves
in 2 m waters (Figure 2c) and decreased by up to four orders of magnitude from 2 to 12 m deep waters. N2O efflux
tended to follow the same pattern as F*N2O, with a corresponding increase in N2O efflux of up to five orders of
magnitude from calm to the most intense waves (Figure 2e; Figure S2a in Supporting Information S1). Predicted
N2O efflux were relatively low (mostly <5 μmol/m2/d) during calm waves at Werribee. Calmer waves are
characterized with longer residence times (Figure S5 in Supporting Information S1), and consequently lower N2O
production rates. N2O efflux decreased by several orders of magnitude in deep (12 m) relative to shallow (2 m)
waters (Figure S2 in Supporting Information S1). N2O efflux produced by bedform‐driven pore water exchange
significantly exceed those produced by wave‐driven pore water exchange (p < 0.01) due to their shorter residence
times (Figure S5 in Supporting Information S1) which could be one of the reasons behind the difference in the
degree of N2O production across water depths.

Based on the seasonal variability in nutrient loading in Port Phillip Bay (Wong et al., 2022) and DIN‐dependence
of N2O production (e.g., Murray et al., 2015; Turner et al., 2016), we evaluated how N2O efflux in Werribee
responds to varying NO3

− and NH4
+ concentrations in the water column within the range previously measured in

surface waters in Port Phillip Bay. Model predicted N2O efflux increased by approximately three‐fold, on
average, in the presence of high NH4

+ (358 μmol/L) and high NO3
− (315 μmol/L), with the highest increase in the

presence of high intensity waves (Figure S2a in Supporting Information S1). On the other hand, N2O efflux
remained low under the range of studied DINO at a depth of 12 m (<1 μmol/m2/d; Figure S2b in Supporting
Information S1). Similar trends in DIN concentrations and wave conditions were found for F*N2O (Figures 2e
and 2f). In the presence of high seawater NH4

+, denitrification contributed approximately 40% followed by
coupled nitrification‐denitrification and nitrification (28% each) while at high seawater NO3

−, most of the N2O
produced was derived from denitrification (>95%). Given that F*N2O slightly decreased with increase in DIN
concentrations, the higher N2O efflux can be attributed to a higher mass of NH4

+ and NO3
− being flushed across

the SWI. Although oxygen is known as a key variable controlling N2O fluxes, bottom water O2 concentration was
held constant at 250 μmol/L as we expected this to be close to saturation at the margins of this well mixed system.

3.3. Factors Regulating N2O Fluxes in Wave‐Driven Environments

In our Monte Carlo simulation, F*N2O (and hence N2O efflux) was found to not depend on pore water exchange
alone but also on biogeochemical factors. In shallower waters (2 m), the magnitude of the pore water exchange
mostly dictates the corresponding magnitude of N2O efflux, with wave height explaining 79% of the variability.
Other factors including emission factors, DIN concentrations, sediment permeability and ripple geometry only
explained a further 6% of the variance in N2O efflux at a depth of 2 m. There are some differences between wave
conditions (i.e., Hw). Biogeochemical factors become more important in influencing N2O production during the
most intense wave events compared to calm and moderate waves. For instance, during the most intense wave
conditions, the emission fractions and seawater NH4

+ concentrations explain 42% and 32% of the variability in
N2O efflux respectively. DINO can exert a substantial influence on N2O efflux. For instance, at a depth of 2 m,
average N2O efflux decreased by 16%, 14% and 10% under calm, moderate and significant wave conditions
during the sensitivity analysis when DINO was fixed to typical NO3

− and NH4
+ concentrations compared to when

DINO were varied. In deeper waters (12 m), both the pore water exchange rate and N2O production in the
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Figure 2. Simulated pore‐water exchange rates and N2O produced in sediment beds in 2 and 12 m water in Werribee, Port Phillip Bay. Calm conditions (<0.1–0.5 m Hw)
occurred 73% of the time, moderate conditions (0.5–1.0 m Hw) 23% and significant wave conditions (>1.0 m Hw) occurred 4% of the time. Pore‐water exchange is driven
by two types of mechanisms, namely wave pumping and bedform (interaction of flow with bottom topography) pumping. (a) Exchange rates in 2 m water; (b) Exchange
rates in 12 m water; (c) F*N2O, net N2O production within permeable sediments in 2 m water; (d) F*N2O, net N2O production within permeable sediments in 12 m
water; (e) Relative variation of F*N2O with pore‐water exchange in 2 m water; (f) Relative variation of F*N2O with pore‐water exchange in 12 m water. The different
symbols correspond to the different wave conditions experienced over the period 1 January 2021 to 30 August 2022. The different colors correspond to different inflow
DIN concentrations in the water column, whereby typical = 17.5 μmol/L NH4

+ and 51 μmol/L NO3
−; High NH3 = 358 μmol/L NH4

+ and 51 μmol/L NO3
− and High

NO3
− = 17.5 μmol/L NH4

+ and 315 μmol/L NO3
−. These concentrations are within the range of values previously measured in Werribee, Port Phillip Bay (Wong

et al., 2022).
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sediment regulate N2O efflux. Physical factors explain roughly 60% of the variability in N2O efflux (with Hw

explaining 50% of the variability). DINO and nitrification and denitrification fractions ( fni and fdn) are the most
influential biogeochemical parameters affecting N2O efflux (explaining approximately 10% and 30% of the
variation during the most intense waves respectively), with an increase in each of these parameters causing a
corresponding increase in N2O efflux (Figure S7 in Supporting Information S1).

N2O production was found to depend, to a certain extent, on the Damköhler Number, Da, that is, the ratio of time
scales for recirculation of solutes through the sediments (which depends on the pore‐water exchange rate) and
respiration of sediment organic matter (Figure 3). Da was mostly greater than 1 in simulations (>85%), indicating
that oxygen consumption in the sediment bed is generally transport controlled (the timescale for complete
deoxygenation was typically 20 min). The exceptions are events with Hw > 1 m in 2 m waters, where transport
rates are often higher and oxygen consumptions are often lower. In continental shelf sands, a large fraction of
denitrification has been found to be directly linked to oxygen consumption and degradable organic matter supply

Figure 3. Dependence of pore water exchange (km) and F*N2O on the Damkohler Number, Da (the ratio of time scales for
transport and respiration of sediment organic matter) in 2 m (a–f) and 12 m (g–j) water during Monte Carlo simulations.
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to the sediment (Huettel et al., 2014) which could explain N2O produced from denitrification. In general, (a)
F*N2O ≈ 0 (and hence N2O efflux ≈ 0) at Da > 105, which correspond to very long residence times, mainly due to
a low pore‐water exchange rate (wave events with Hw < 0.2 m (2 m depth) and Hw < 1 m (12 m depth) fall in this
category); (b) At low Da (<1), F*N2O is low due to high pore‐water exchange rates and limited residence times,
respiration rates, nitrification and denitrification, however, N2O efflux can be high as it is dependent on the pore‐
water exchange rate (a range of wave events fall in this category); (c) At 10 < Da < 100, F*N2O can reach a
maximum depending on biogeochemical factors and N2O efflux depends on both F*N2O and the pore‐water
exchange rate (a range of wave events fall in this category).

A direct comparison of the N2O fluxes in permeable sediments with other coastal systems is complicated by the
extremely large range of values modeled here. The vast majority of modeled fluxes were <100 μmol/m2/d (Figure
S6 in Supporting Information S1) and under calm conditions which predominate, the flux of N2O will typically
be < 1 μmol/m2/d. For comparison, Wong et al. (2013), observed fluxes of ∼80 μmol/m2/d from the nearby
eutrophic Werribee Estuary and 200 μmol/m2/d were observed in the heavily polluted Schelde Estuary (de Wilde
& de Bie, 2000). Based on our results here, it is therefore most likely that the fluxes of nitrous oxide from
permeable sediments are relatively low compared to eutrophic systems, although spikes of nitrous oxide are likely
during periods of high porewater exchange. Further work is required to understand the dynamics of nitrous oxide
emissions in response to changing porewater exchange.

4. Conclusions
Our findings suggest that the synergistic effects of increasing eutrophication (e.g., from coastal wastewater
disposal practices) and intense hydrodynamic forcing (from high intensity waves) can increase the production of
N2O from biologically active coastal sediments. In particular, we highlight the importance of transport processes,
such as wave‐induced pore water exchange, in driving benthic N2O fluxes in coastal settings. Less than 0.5% of
seawater DIN flux through the sediment is converted to N2O, depending on wave climate and water depths.
Hence, in addition to seawater DIN concentrations and the emission factors, the rate of the hydrodynamic forcing
should be considered in the estimation of the N2O budget from coastal waters, particularly considring that climate
change is expected to cause more severe wave climates. Additionally, our results indicate that even in eutrophic
settings such as Werribee, it is highly probable that N2O emissions as a result of seawater recirculation through
permeable sediments is a minor component of total coastal N2O emissions. For instance, N2O production was
found to occur only during the most intense waves which occur approximately 3% of the time during a year. It is
most likely that discharges from groundwater and wastewater treatment plants are more important sources of N2O
emissions in this environment.

Data Availability Statement
Data used in this manuscript as well as the wave data used in the simulations can be found at https://www.
hydroshare.org/resource/98104bc112544bd183cb970183cbfbaa/.
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