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Abstract

We investigated microbial pathways of nitrogen transformation in highly permeable sediments from the
German Bight (South-East North Sea) by incubating sediment cores percolated with '*N-labeled substrates
under near in situ conditions. In incubations with added NH;, production of 'NO, occurred while the
sediment was oxic, indicating ammonia oxidation. Similarly, 1’NO; production during 'NO, incubations
indicated nitrite oxidation. Taken together these findings provide direct evidence of high nitrification rates
within German Bight sands. The production of '*N-N, on addition of >NO, revealed high denitrification
rates within the sediment under oxic and anoxic conditions. Denitrification rates were strongly and posi-
tively correlated with oxygen consumption rates, suggesting that denitrification is controlled by organic mat-
ter availability. Nitrification and denitrification rates were of the same magnitude and the rapid production
of *’N-N, in incubations with added ">'NH; confirmed close coupling of the two processes. Areal rates of N-
transformation were estimated taking advective transport of substrates into account and integrating volumet-
ric rates over modeled oxygen and nitrate penetration depths, these ranged between 22 ymol N m > h™! and
94 yumol N m~2 h™'. Furthermore, results from the '*N-labeling experiments show that these subtidal perme-
able sediments are, in sharp contrast to common belief, a substantial source of N,O. Our combined results
show that nitrification fuels denitrification by providing an additional source of nitrate, and as such masks
true N-losses from these highly eutrophic sediments. Given the widespread occurrence of anthropogenically
influenced permeable sediments, coupled benthic nitrification—denitrification might have an important but

so far neglected role in N-loss from shelf sediments.

Shallow coastal seas are subject to high loads of anthro-
pogenic inorganic nitrogen inputs from both riverine sour-
ces and atmospheric deposition. These inputs cause
eutrophication, which has negative impacts on the ecosys-
tem ranging from changes in species composition,
increased phytoplankton blooms and bottom water hypoxia
(Rabalais 2002). Eutrophication in shallow coastal seas is
alleviated by denitrification, which is stimulated by high
nitrate and organic matter (OM) inputs. The heterotrophic
denitrification that occurs in shallow sediments therefore
makes these environments significant hotspots of N-loss in
global budgets (Devol et al. 1997; Gruber and Galloway
2008; Gao et al. 2012).

*Correspondence: hmarchan@mpi-bremen.de

Additional Supporting Information may be found in the online version of this
article.

Until recently, benthic nitrogen cycling studies were car-
ried out mainly in muddy sediments. However, up to 70% of
all continental shelves are comprised of coarse grained sandy
sediments (Emery 1968), in which pore water advection can
occur (Huettel et al. 2003). Advection transports bottom
water into the sediment at timescales up to three orders of
magnitude higher than diffusion (Huettel et al. 2003). This
supplies the sediment with organic matter and electron
acceptors, and furthermore, increases oxygen penetration
depths, which oscillate within the sediment dependent on
tidal forcing and ripple migration (Huettel et al. 2003; Cook
et al. 2007). As a result of advective solute supply, high rates
of organic matter mineralization occur in permeable sedi-
ments (de Beer et al. 2005), and benthic denitrification rates
are among the highest in the marine environment (Gao
et al. 2010, 2012). Furthermore, variations in oxygen con-
centrations appear to stimulate the co-occurrence of aerobic
and anaerobic processes, for example denitrification (which
is considered to be a predominantly anaerobic process), has
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been observed in oxic permeable sediments using diverse
experimental set-ups (Rao et al. 2008; Gao et al. 2010;
Marchant et al. 2014).

The German Bight is an example of a shallow eutrophied
coastal sea, which is dominated by permeable sediments and
receives extensive anthropogenic dissolved inorganic nitro-
gen (DIN) inputs from riverine and atmospheric sources
(Van Beusekom 2005; Paetsch et al. 2010). Fluxes of DIN out
of the German Bight are lower than the anthropogenic and
advective influxes (Beddig et al. 1997; Paetsch et al. 2010),
indicating that high levels of benthic N-loss must occur. Fur-
thermore, based on natural abundance stable isotope signa-
tures of nitrate, it has been suggested that intense N-
recycling occurs through nitrification, possibly within the
sediment (Dahnke et al. 2010).

Benthic N-loss studies in permeable sediments have so far
focused on the increased flux of nitrate and organic matter
from the water column, therefore little is known about the
extent of nitrification. Nitrification has been observed in per-
meable sediments under diffusive conditions, yet very few, if
any, measurements of ammonia oxidation and nitrite oxida-
tion have been undertaken under advective conditions. If
occurring, benthic nitrification could provide a secondary
nitrate source for denitrification or recycle remineralized N
to the environment. The catalytic properties of permeable
sediments, which has led to their description as “natural bio-
reactors” (Huettel et al. 2014) makes nitrification and its sub-
sequent coupling to denitrification likely to occur.

So far however, coupled nitrification—-denitrification has
rarely been measured directly in eutrophied permeable sedi-
ments. In fact in the Wadden Sea nearby the German Bight,
the comparatively low ratio of nitrification to denitrification
could not support significant amounts of coupled nitrifica-
tion—-denitrification (Marchant et al. 2014). Furthermore, a
modeling study has suggested that advection may have a
negative impact on nitrification if ammonium generated by
remineralization is returned directly to the water column
without entering oxic sediment regions (Kessler et al. 2013).
In contrast to these findings, coupled nitrification—denitrifi-
cation has been predicted to occur in permeable sediments
from more oligotrophic regions based on isotope pairing
studies (Rao et al. 2007, 2008), and sustains N-loss in the
Gulf of Mexico when water column nitrate concentrations
are low (Gihring et al. 2010). Evidence from permeable bed
reactors, which are used frequently in wastewater treatment,
also suggests that permeable sediments should foster suitable
conditions for coupled nitrification—denitrification. Waste-
water treatment has taken advantage of the prevalence of
coupled nitrification-denitrification for many decades (Pra-
kasam and Loehr 1972; Sharma and Ahlert 1977); in a pro-
cess with many parallels to permeable sediments,
oxygenated, ammonium rich wastewater is percolated or
pumped through permeable media which is colonized with
microbes. The ammonium is nitrified and subsequently a

Coupled nitrification—denitrification in sands

switch to anoxic conditions is achieved by increasing the
path length of the permeable bed, or intermittently remov-
ing the oxygen, where on denitrification occurs (e.g., Yoo
et al. 1999; Guo et al. 2005). In simultaneous nitrification—
denitrification reactors the spatial or temporal separation of
nitrification and denitrification is not even required and the
two processes occur while the reactor is oxic (e.g., Minch
et al. 1996; Tait et al. 2013).

Studying processes such as coupled nitrification—-denitrifi-
cation in permeable sediments represents a challenge as the
advective transport of water and its associated solutes into
the sediment must be mimicked. A number of methods have
been applied to mimic these conditions, most of which
require ex situ incubations. Whole core incubations, in
which seawater is percolated into undisturbed sediment were
initially used to investigate rates in permeable sediments
(Polerecky et al. 2005), however provide low time resolution
when optode foils cannot be used (as is the case with N-loss
measurements). In recent years however, methods in which
sediment is homogenized either in gas-tight bags (Gao et al.
2012), stirred bioreactors (Gao et al. 2010), modified whole
cores (Marchant et al. 2014), or flow through columns (Rao
et al. 2007, 2008) have been shown to exhibit similar proc-
esses (i.e., denitrification in the presence of oxygen has been
observed in all), and remarkably similar volumetric rates for
the upper few centimeters of permeable sands. The modified
whole core method (Marchant et al. 2014) provides
increased sampling resolution and allows multiple experi-
ments to be carried out on the same sediment. This is partic-
ularly important when investigating detailed relationships
between N-cycling processes and when considering the
extrapolation of volumetric rates to areal rates. Both of
which are required to better understand the role that sandy
sediments play in N-loss, especially in highly active eutro-
phied coastal zones such as the German Bight.

The extent to which nitrification and denitrification
might be coupled in sediments is dependent on the avail-
ability of ammonium, nitrate, organic matter and oxygen. In
permeable sediments the supply of these is determined by
advective porewater transport which depends on the physi-
cal properties of the sediments (Huettel et al. 2014). Conse-
quently transport-reaction models fueled by measured
volumetric rates, sediment characteristics and current speed
are required to estimate realistic areal rates.

We investigated the role of nitrification and denitrifica-
tion in permeable subtidal sediments from the German Bight
during summer when water column nitrate concentrations
are comparatively low (6-8 umol L™!). By combining core
percolation and "N labeling experiments we aimed to mea-
sure nitrification, dissimilatory N-reduction and their associ-
ated N,O production. Furthermore, we modified a model to
take into account both the advective transport of porewater
and volumetric rates of interdependent biogeochemical proc-
esses; enabling us to extrapolate areal rates of nitrification
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and denitrification in this complex flow-dominated system.
This allowed us to gain insights into the importance of both
organic matter and nitrification in controlling N-loss in sub-
tidal sandy sediments.

Materials and methods

Sediment sampling

Sampling was conducted at three stations in the North
Sea around Helgoland on board the RV Heincke from 22 June
2012 to 28 June 2012. At each station sediment was col-
lected in a box corer and the top 5 cm were subsampled on
deck, homogenized and filled into three PVC cores (height
9 cm, I.D 10.3 cm). Cores were sealed with rubber stoppers
fitted with inflow and outflow ports controlled by two way
valves. Bottom water was collected using a rosette water sam-
pler and incubations were carried out immediately on board
at in situ temperature.

Sediment characteristics

Sub samples of sediment were collected from box cores,
transferred to 50 mL falcon tubes (Sarstedt) and returned to
Bremen. Porosity was calculated from five replicates by care-
fully filling a known volume of sediment into volumetric
measuring cylinders, ensuring that pore spaces were satu-
rated with water. The weight loss of a known volume of sedi-
ment after drying at 60°C was then determined. Grain size
distribution was determined on a Beckman Coulter LS Parti-
cle Analyzer at the Center for Marine Environmental Scien-
ces (MARUM), University of Bremen and results were
analyzed using the GRADISTAT software with the Folk and
Ward method as described in Blott and Pye (2001). Perme-
ability of homogenized sediments was measured in triplicate
(i.e., sediment columns were repacked between each mea-
surement) using the falling head approach and a setup simi-
lar to that described in Rocha et al. (2005).

Sediment core incubations

Nitrogen cycling processes under changing oxygen con-
centrations (i.e., oxic to anoxic) were determined within per-
colated sediment cores. The incubations (detailed below)
were designed to mimic in situ conditions, where water rich
in nitrate, oxygen and organic matter is advected into the
sediment and follows curved flow paths. Over time, the air
saturated bottom water becomes anoxic and is eventually
returned to the water column.

The sampling method, whereby the porewater within the
core is rapidly replaced by air saturated, substrate amended
water prior to the first time point, captures dynamic condi-
tions in the sediment i.e., the first time point, taken at zero
minutes equates to air saturated conditions. Over time, the
oxygen concentration in the core drops to below detection
limits, and therefore sampling porewater over time from the
same core allows measurement of processes first under oxic
and then anoxic conditions. As water is sampled regularly,
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porewater within the core is only stagnant for short periods
of time; therefore this method mimics the flow of water
through the sediment in a similar way to flow through col-
umns. In this modified version of the percolation method
(see Marchant et al. 2014 for further details of the sampling
protocol), water is initially replaced by pumping from the
bottom of the core and then sampling also takes place from
the bottom of the core by letting water flow into Exetainers.
This allows greater control than percolating from the top of
the core; however is essentially the same principle. Previ-
ously we have demonstrated that volumetric rates obtained
from the sediment this way are the same as rates using the
traditional core percolation method (Marchant et al. 2014).

Volumetric rates of oxygen consumption, ammonia oxi-
dation, nitrite oxidation, denitrification, dissimilatory nitrate
reduction to ammonium (DNRA) and anammox were deter-
mined at each station in triplicate sediment cores which
were percolated with various combinations '*N and N
inorganic compounds. Four incubations were carried out
consecutively on triplicate cores at each station and these
are summarized in Table 1. Each incubation was carried out
in the same way.

Briefly, bottom water was amended with '*N and N
inorganic compounds and various inhibitors as appropriate
(i.e., NO3, NO, and/or NH} (see below)). The water was aer-
ated before being pumped upward through the sediment
core with a peristaltic pump, exchanging the entire pore-
water volume in the core with the aerated, N-amended
water. After this, porewater was sampled over time from an
attachment at the bottom of the core. Six milliliters of pore-
water was sampled per time point into Exetainers (Labco,
High Wickham, U.K.) prefilled with 100 pL saturated HgCl,,
taking care to ensure no bubbles were trapped in the Exe-
tainers. Twelve time points were taken between O min and
250 min, time points varied per incubation and station and
can be seen in Supporting Information Fig. S2.

15N labeling experiments

Incubations were carried out using '°N labeled substrates
to determine rates of ammonia oxidation, nitrite oxidation
and denitrification, DNRA, anammox and coupled nitrifica-
tion—denitrification (Table 1). To identify ammonia oxida-
tion rates, 15NHZ was added to the incubations, as well as
pools of NO, and “NO, (*NH} +'*NO, exp.). These
unlabeled pools were added to lower the likelihood that the
produced 'NO, would be further oxidized to NO; or
reduced to N, in subsequent reactions. Similarly, for nitrite
oxidation determinations, '>'NO, was added to the incuba-
tions, as well as a pool of *NO,. The addition of '*N pools
to these incubations would prevent observations of coupled
nitrification-denitrification. A further incubation was per-
formed using >NH; and ATU (**NH; + ATU exp). The ATU
addition should have inhibited nitrification, however this
was not the case (see Results and discussion), therefore this
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Table 1. Summary of sediment core incubations. Replicates refer to the number of unique sediment cores used for each

incubation.

Replicates >N amendment 1“N amendment Other Processes
Incubation per site (umol L™ (umol L™ amendment targeted
1SNH} exp + '*NO, 3 NH; (75) NO, (100) + NO3 (150) - Ammonia oxidation
SNO, exp 3 NO, (100) NO3 (150) - Nitrite oxidation/reduction
SNO; exp 3 NO3 (75) - - Denitrification/DNRA
1SNHJ + ATU exp. 2 NH; (75) - 86 umol L~ ATU* Anammox/coupled

nitrification-denitrification

1SNH; + Acet. exp 1 NH; (75) - 10 Pa acetylene’ Anammox

*Allylthiourea was added to block ammonia oxidation to investigate anammox. ATU did not fully block ammonia oxidation so instead this experiment

was used to show the close coupling between nitrification and denitrification.

TAcetylene at this concentration fully inhibits ammonia oxidation, but only partly inhibits anammox (Jensen et al. 2007).

experiment was instead used to follow the transformation of
ammonium into nitrite, nitrate and N, (coupled nitrifica-
tion—denitrification) To determine whether anammox was
present to any significant extent, one core from the low and
intermediate permeability stations was incubated with
ISNH}, the ambient background NO; and 10 Pa (4.1 uM) of
acetylene (ISNHI +acet. exp), at this concentration, acety-
lene entirely blocks ammonia oxidation, but only partially
inhibits anammox (Jensen et al. 2007), therefore any pro-
duced *’N, would have originated from anammox. Further-
more, in the denitrification experiment where SNO, was
added we compared the labeling percentage (F°NO,*) (Eq.
1) based on the produced *’N, and *°N, at each time point
with the labeling percentage (F'*NO;) (Eq. 2) from substrate
measurements. Deviation between these two values can indi-
cate the occurrence of anammox.

Oxygen determination

Oxygen was determined in each Exetainer using an O,
microsensor (response time <2 s), briefly, Exetainers were
opened and the microsensor inserted before being closed
again. This procedure took less than 5§ s and did not result in
any water loss from the Exetainers. Oxygen microsensors
were constructed as described in Revsbech (1989) and cali-
bration was performed before and after measurements using
a 2 point calibration in air saturated seawater and seawater
deoxygenated with Nj.

15N analyses

The isotopic N composition of nitrogen and nitrous oxide
gas at each time point was determined after replacing 2 mL
of water within each Exetainer with a helium headspace. Gas
from the headspace was injected directly into a GC-IRMS
(VG Optima, Manchester, U.K.), and the isotope ratios of
28N, 2°N, and *°N, or **N,0O, **N,O and *°N,O were deter-
mined. The concentration of ?°N, and *°N, or **N,O and
46N,0 were calculated from the excess of each relative to an
air sample or an N,O sample (Holtappels et al. 2011).

ISNO, was determined in subsamples after conversion to N,
by sulfamic acid. '>'NO, was determined in a further subsample
after NO, removal with sulfamic acid, at which point spongy
cadmium was applied to reduce NO; to NO,. After one further
sulfamic acid treatment, N, was measured from a helium head-
space using GC-IRMS as before (Fiissel et al. 2011). SNH; was
determined in a different set of subsamples after hypobromite
oxidation to Ny (Waremburg 1993; Preisler et al. 2007).

Total nitrate and nitrite determination

The combined concentration of nitrate and nitrite (NOy)
within each Exetainer was determined by a commercial
chemiluminescence NOy analyzer after reduction to NO with
acidic Vanadium (II) chloride (Braman and Hendrix 1989).
Nitrite was determined after reduction to NO with acidic
potassium iodide and nitrate was then calculated by the dif-
ference between NOy and NO,.

Volumetric rate calculations

Volumetric denitrification and DNRA rates were deter-
mined during both the oxic part of the incubation (where
oxygen was still above 20 ymol L™') and the anoxic part
(where oxygen was below detection limit).

In the 'NO; labeling experiment (which was designed to
determine denitrification rates), the possibility that anam-
mox had a significant influence on the production of *’N,
(p*°N,) and *°N, (p*°N,) was assessed. The labeling percent-
age of nitrate was calculated from p*’N, and p3°N,, assum-
ing isotope pairing from denitrification only:

F1*NO,* = 2/ (p* N2 /p*N, + 2) 1)
Values obtained from Eq. 1 were compared at each time

point to measured concentrations of labeled and unlabeled
nitrate (F'°NO,)

FISNO, = SNO; /(**NO, +1°NO;) )

As no significant difference was observed, denitrification
rates were then calculated as Dy according to Nielsen (1992).
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DNRA rates were determined from the labeling percentage
of nitrate (1) and the production of 15NHI (plSNHI):

DNRA = p">NH; /F"*NO,* (3)

Ammonia oxidation rates were determined from the pro-
duction of NO, during the oxic part of the incubations. A
pool of ¥NO, was added to the incubations to prevent fur-
ther oxidation of '>NH; to '*NO;. In some cases this can be
insufficient; leading to the formation of a small amount of
ISNO,, in such cases the '"NO, concentration was added to
the "NO, concentration before rate determination. Further-
more, during ammonia oxidation the pool of 'NH; can
become significantly diluted with '*NH; formed during
remineralization of organic matter. Therefore to avoid rate
underestimations we corrected the produced >NO, for the
labeling percentage of ammonium at each time point (4).

NO2 = ("NO2x—""NOztx 1)/ (Fnatc + Frnax-1)/2 (4)

where tx refers to the time point and Fyp4 is the labeling
percentage of ammonium determined by GC-IRMS. Ammo-
nia oxidation rates were then calculated by the increase of
NO,, over time.

Nitrite oxidation rates were determined during the oxic part
of the incubation from the production of NO; (p®NO,)
after addition of '>NO,. Due to sample limitations we did not
correct these rates for changes in labeling percentage.

The amount of ammonium released during oxic respira-
tion was compared with ammonia oxidation rates from '°N-
labeling experiments (assuming Redfield stoichiometry of
organic matter). Briefly, aerobic respiration of organic matter
with a Redfield stoichiometry would lead to production of
NHj at a ratio of 106 O,/16 NHy;

(CH20)106(NH3)16H3PO4 + 1060, + 16H*
— 106CO, + 16NH. + 106H,0 + H3PO, )

The oxygen consumed by ammonia oxidation and nitrite
oxidation was calculated according to:

NHj oxidation OCR: NHj +1.50, — NO, + H,0 + 2H*

(6)
NO,oxidation OCR: NO, + 0.50, — NO3; (7)

This oxygen consumption was subtracted from total oxygen
consumption rate (OCR) to determine potential heterotrophic
OCR (Eq. 8). It should be noted however that the remaining OCR
may still have been influenced by other autotrophic respirations.

Heterotrophic OCR = Total OCR - (NH] oxidation OCR) 8)

—(NO, oxidation OCR)

All rates were determined from linear regressions of at

least four time points, results of which are given in Support-
ing Information Table S1.

Coupled nitrification—denitrification in sands

O, and NOj penetration depths and areal rates

Porewater concentrations of O, and NO; were not meas-
ured during this cruise. In sediments where oxygen availability
is controlled by advective fluxes, removing the sediment from
the advective system could lead to underestimations in oxy-
gen penetration depth. Additionally, porewater profiles of
nitrate are of low resolution in permeable sediments (1-2 cm
intervals) due to their low porosity. When nitrification is
coupled to denitrification and the processes overlap spatially,
precise penetration depths are essential to determine areal
rates. Therefore, we took a modeling approach, which allowed
us to estimate penetration depth by combining volumetric
rates with advectively driven porewater transport. O, and NO3
penetration depths were derived from a transport model pub-
lished by Elliott and Brooks (1997a,b), which investigated
advective mass transport into permeable sediment as a func-
tion of time. The model allows for calculation of an “effective
mean mixing depth,” from the integral of the residence time
function of a solute, which is pumped into the sediment due
to the interaction of bottom water currents and seabed topog-
raphy (ripples). The model does not cover the full complexity
found in situ, as diffusion and dispersion are neglected, both
of which would lead to an additional transport into deeper
sediment layers and increase benthic net fluxes. Therefore, the
model approach used here represents a conservative estimate.

For stationary ripples with a simplified geometry Elliott
and Brooks (1997b) derived an analytical solution to describe
the increase of the effective mean mixing depth (D) of a sol-
ute as a function of time (f) after the initial appearance of
the solute in the bottom water (Eq. 9).

D=1/kIn(0.42k*Khy, t/0 + 1) 9)

where K and 0 are the measured hydraulic conductivity (in
m/s) and porosity, respectively, and k is the wave number
(k= 2n/2) of the ripple length (X in m). A dynamic hydraulic
head (h,,) of 4 X 10°* m was calculated from measured
mean bottom water currents (20 cm/s) and assumed ripple
dimensions (height: 2 cm; length: 13 cm; similar to observa-
tions made during a subsequent cruise in the same region)
using the empirical expression in Elliott and Brooks (1997b,
Eq. 28 therein).

The effective mean mixing depth (D) is a parameter based
on the residence time function, which includes both, the
vertical and horizontal velocity components of porewater
flow (see Elliott and Brooks 1997b). Two-dimensional (2D)
flow patterns as described in many publications (e.g., Thibo-
deaux and Boyle 1987; Huettel et al. 1996) are thus the basis
of the model and are therefore fully considered in our calcu-
lation. This is reflected by the non-linear relation between
effective mean mixing depth and time in Eq. 9.

In detail, the effective mean mixing depth of O, was deter-
mined as follows: the time of O, depletion from bottom water
entering the pore space was calculated from the initial O,
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Table 2. Station locations within the German Bight and water characteristics.

Depth Bottom water Air temp. Bottom water
Site Lat. N Long. E (m) temp. (°C) (°O) Salinity NO; (uM)
1 54° 10,16 7° 59,70 21.0 12.9 14.1 32.1 6
2 54° 10,55 7° 57,24 23.3 13.2 12.8 31.5
3 54° 14,36 7° 51,317 18.4 12.8 12.6 32.0 7
Table 3. Sediment characteristics.
Porosity Mode/geometric Permeability (= SD)
Site (=SD) mean (um) Sorting (¢)  Skewness (sk) (107" m?) Sediment type
1 0.36 (+=0.002) 430/440 1.37 —0.02 2.16 (+0.08)" Well sorted medium sand
2 0.40 (+0.005)* 568/579 1.51 -0.12 4.09 (+0.47)" Moderately well sorted
coarse sand
3 0.36 (=0.001) 430/494 1.57 0.284 6.47 (£0.23)" Moderately well sorted

coarse sand

*Denotes that value is significantly different from other stations in pairwise comparisons (p-value < 0.05 (one-way anova)).
TDenotes that value is significantly different from other stations in pairwise comparisons (p-value < 0.05 (one-way anova)).

Table 4. Mean areal oxygen and N-cycling rates in three permeable sediments in the German Bight determined using the Elliot

and Brooks model.

Oxygen consumption Nitrification Denitrification DNRA
(mmol m~2d~"+ SD)
Lower perm. st. 26.3+1.3 1.15+0.7 0.87 = 0.1 0.02 +0.005
Int. perm. st. 49.6 +1.0 0.21 =0.05 2.28+0.3 0.25+0.05
Higher perm. st. 33.7+x2.1 2.98+0.42 0.52+0.03 0.11 =0.06
p-value* <0.001 0.006 <0.001 0.013

*One way ANOVA.

concentration in the bottom water divided by the O, consump-
tion rate per volume porewater assuming zero order Kinetics.
Thereafter the time of depletion was inserted into Eq. 9 to esti-
mate the effective mean mixing depth of O,. The effective mean
mixing depth of NO; was calculated in a similar way. Here, the
volumetric rates of nitrification, denitrification and DNRA and
their dependence on O, concentrations were considered to cal-
culate the time of NOj3 depletion and the NO; mixing depth. To
estimate areal rates, the rates per volume sediment were inte-
grated over the mixing depth of the limiting substrate, i.e., O,
consumption, nitrification, oxic denitrification and oxic DNRA
were integrated down to the O, penetration depth, and anoxic
denitrification and anoxic DNRA were integrated from below the
oxycline down to the NO; penetration depth.

To validate the Elliot model, oxygen fluxes and areal
N-loss rates from the lower permeability station were com-
pared with a 2D numerical model which includes dispersion,
diffusion, and a pressure distribution along a true bedform

topography derived from Large-Eddy-Simulations (Ahmer-
kamp et al. 2015). Volumetric nitrification rates as well as
aerobic and anaerobic denitrification rates were added to the
transport reaction equations in the Ahmerkamp model and a
monod Kinetic was assumed for each, where the half satura-
tion co-efficient was kept constant at 1/8 of the bottom
water concentration of the respective solutes.

Results

Sediment characteristics and volumetric oxygen
consumption rates

Experiments were carried out at three stations in the
German Bight (Table 2); all three sites consisted of permeable
sands which had significant differences in permeability, grain
size and porosity (Table 3). St. 1 had the lowest permeability
and was comprised of well sorted medium sand (Supporting
Information Fig. S1), hereafter it is referred to as the lower
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permeability station. St. 2 had higher permeability and was
comprised of moderately well sorted coarse sand, although it
had an additional fine sand fraction leading to a fine skew. It is
hereafter referred to as the intermediate permeability station.
St. 3 had the highest permeability, and was comprised of mod-
erately well sorted medium sand, however there was a coarse
skew toward coarse grained sand which would have been
greater if an additional fraction of shell fragments and gravel
(> 2 mm) had not been removed before analysis on the parti-
cle counter. This station is hereafter referred to as the higher
permeability station. Total volumetric oxygen consumption
rates differed significantly between each station (p <0.001)
(Fig. 1). The highest rates (as calculated from the slope of the
initial decrease in oxygen) were observed at the intermediate

Lower permeability st. @
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g Higher permeability st. v
é 50 -
=
g
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0 4 € == 2= T —@
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Fig. 1. Examples of oxygen consumption profiles measured during the
15NH; addition experiment at all three stations.
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Coupled nitrification—denitrification in sands

permeability station (268.5 = 36.5 SD mmol m_3, ... h™"), fol-
lowed by the lower permeability station (149.2+41.5 SD
mmol m_3, .. h™'), the lowest oxygen consumption rates

were observed at the higher permeability station (60.2 = 16.5

SD mmol mz3; ... h™ ).

Ammonia oxidation

Production of ®NO, in the presence of oxygen indicated
that ammonia oxidation occurred at all three stations
("NH; + '*NO, exp.; Supporting Information Fig. S2; Sup-
porting Information Table S1). Volumetric ammonia oxida-
tion rates differed significantly between the stations
(p=0.004) were highest at the lower permeability station
and lowest at the intermediate permeability station (Fig. 2a).

Nitrite oxidation

In the presence of oxygen, production of 'NO, occurred
after addition of 'SNO, all three stations (NO, exp; Sup-
porting Information Fig. S2; Supporting Information Table
S1). Volumetric nitrite oxidation rates calculated from the 1°
NO; production decreased from the lower permeability sta-
tion to the higher permeability station; however there was
no significant difference between the stations. Volumetric
nitrate oxidation rates were always higher than ammonia
oxidation rates, significantly so at the intermediate and
higher permeability stations (p = <0.002) (Fig. 2a) and there
was a weak but significant positive correlation between the
two processes (#?=0.48, p=0.04).

Denitrification, anammox, and DNRA

Dissimilatory nitrate reduction processes were determined
after the addition of NO;. ?°**°N, production occurred at
all three stations even when oxygen was present ("'NO; exp.

b. Anoxic sediment
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Fig. 2. Volumetric rates of nitrogen cycling processes at all three stations, determined from the (a) oxic and (b) anoxic phase of the incubation. Sub-
strate additions are shown in brackets in the axis legend, for further details see Table 1. Error bars are SD, n=3 (n= 2 at St. 3, "*"NO; addition experi-

ment) n.d. = not detected.
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Supporting Information Fig. S2; Supporting Information Table
S1). This was determined to be a result of denitrification, as
there was no conclusive evidence of anammox in any experi-
ment (SI text). At the lower and higher permeability station,
volumetric denitrification rates increased when the sediment
became anoxic (Fig. 2b). At the intermediate permeability sta-

v Subtid. (This study) e Intertid. (Wadden)

v Subtid. (SAB) v Subtid. (Port Phillip)
20

-1
sediment h )
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tn
1

Denitrification (mmol N m?
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Fig. 3. The correlation between oxygen consumption rates and denitri-
fication rates in a variety of permeable sediments. The dashed line repre-
sents the correlation of rates from this study (Total OCR was used)
(p=0.002, »=0.83). The solid line represents of the correlation of all
points (p = <0.001, r*=0.37), excluding the three circled points which
represent rates measured during winter in the Wadden Sea, when
nitrate concentrations in the water column were on average 70 pmol
L™"; which is significantly higher than that at the other time points and
locations. The subtidal data from the SAB (South Atlantic Bight) are
taken from Rao et al. (2008), subtidal (Port Phillip) refers to the data in
Evrard et al. (2013) and the intertidal (Wadden) is from Marchant et al.
(2014).
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tion, oxic denitrification rates were high in contrast to the
other stations and on anoxia the denitrification rate did not
increase. As a consequence of the high oxic denitrification
rates at the intermediate permeability station, NO; concen-
trations were already low when the sediment became anoxic
(~ 10 ymol L™') and dropped to below detection limit by the
time the incubations were terminated. Therefore, we assume
that anoxic denitrification rates were most likely substrate
limited and thus underestimated. Hence when comparing
oxygen consumption rates and denitrification rates we used
the anoxic denitrification rates from the higher and lowest
permeability stations and oxic rates from the intermediate
permeability station. When these denitrification rates were
compared with the OCR, there was a significant positive cor-
relation (p = 0.002, r* = 0.83 (Fig. 3)).

In the 'NO, addition experiment the production of N
Hj was also observed at all three stations, indicative of DNRA
('SNO; exp; Supporting Information Fig. S2). Volumetric
DNRA rates were low compared with denitrification (< 20%)
but generally showed similar trends (Fig. 2). Similar to denitri-
fication rates, DNRA rates were positively correlated to oxygen
consumption rates (Supporting Information Fig. S3).

Coupled nitrification-denitrification

86 umol L' allylthiourea (ATU) was added to one set of
incubations with the intention of inhibiting nitrification
('>NH; + ATU exp.). However, in this experiment, nitrifica-
tion still occurred and instead, coupled nitrification—denitri-
fication was observed. >NH; was sequentially oxidized to
15NO, then NO,, and ?°**°N, production began almost
immediately (Fig. 4). The sum of all '*N labeled products
(®NO,,'®NO;, ?°*3°N,) increased constantly over the first
60 min of the incubation, until O, was depleted. At this
point NO, and NO; concentrations decreased, while
ISN-N, concentrations continued to increase. The successive
increase and decrease of '>NO, coupled to the continuous

b.
8
BNO, + “NO, + “N-N, [&]
8. NO, +"NO, [e]
o lSNoz- -
:_1
e 4]
&
&
&,
0
0 50 100
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Fig. 4. Evidence for coupled nitrification-denitrification. Stacked area plot of the production of '*N-labeled after '>’NH} and ATU addition. (a) Exam-
ple from the lower permeability station, (b) example from the intermediate permeability station.
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Fig. 5. N,O formation (a) rates of N,O formation from ammonia oxidation and denitrification. (b) N,O formation rates compared with total ammo-
nia oxidation and denitrification rates. Substrate additions are shown in bﬁrackets in the axis legend, for further details see Table 1. Error bars are SD,
n=3 apart from anoxic rates at the high permeability station in the ">NO; addition experiment, where n= 2.

increase of '>N-N, (Fig. 4, Supporting Information Fig. S4)
indicate close coupling of nitrification and denitrification.
Coupled nitrification—denitrification also appeared to be
occurring in the NO; addition experiment. Here the label-
ing percentage of NO; (F'*NO,*) dropped by 27 (+ 1 SD) %
at St. 1 during the oxic part of the incubation, suggesting that
the 1SNO, pool added at the start of the incubation was con-
stantly diluted by the production of *NO; via nitrification.

Nitrous oxide (N,O) production

15N-N,O formation occurred at all three stations in both
the 'NH; addition and the 'NO, addition experiments
(*NHj + "“NO, exp.; 'NO; exp. respectively; Supporting
Information Fig. S2). In the >NO, addition experiment, the
production of *****N,O occurred both in the presence and
absence of oxygen at the lower and higher permeability sta-
tions. There was no difference between volumetric oxic and
anoxic N,O production rates at the higher permeability sta-
tion (p =0.5), whereas at the lower permeability station N,O
production rates were significantly higher under oxic condi-
tions (p = 0.05) (Fig. 5). At the intermediate permeability sta-
tion, N,O was only produced under oxic conditions. Despite
these differences, the ratio of produced N,O: N, was always
significantly higher during the oxic part of the incubations
(p=0.002) (Fig. Sb), this resulted from either higher oxic
N,O production rates and/or lower oxic denitrification rates
in comparison to anoxic rates. There was little to no net
N,O consumption observed at any point in the >NO, addi-
tion experiments at the lower and higher permeability sta-
tions, whereas at the intermediate permeability station
(where we observed comparatively high oxic denitrification
rates), N,O was produced rapidly at the beginning of the

incubation and consumed when the sediment became
anoxic and nitrate was depleted (*NO; exp-N,O; Supporting
Information Fig. S2).

O; and NOj; penetration depths and areal rate estimates
To integrate volumetric rates into areal rates, the trans-
port model of Elliott and Brooks (1997a,b) was applied. To
determine nitrate and oxygen concentrations within the
sediment along a flow path, we combined the volumetric
nitrification rates from the *NH; + *NO, amendment exp.
with the oxygen consumption, denitrification and DNRA
rates from the '>NO; amendment experiments. Two differ-
ent scenarios were identified by combining the rate measure-
ments with the bottom water nitrate concentration, one for
the lower and higher permeability station and one for inter-
mediate permeability station (upper panels; Supporting
Information Fig. S6). At the lower and higher permeability
stations, under oxic conditions, the production of nitrate via
nitrification exceeded nitrate removal by denitrification and
DNRA. Therefore, while oxygen was present, nitrate concen-
trations increased within the sediment. When oxygen con-
centrations reached zero, nitrate concentrations had
increased from 6 umol L™! and 7 umol L™' (bottom water
concentration) to 8.9 ymol L™! and 11.8 umol L™! for the
lower and higher permeability station respectively. When
oxygen was entirely consumed, the rates of denitrification
and DNRA increased and prevailed until nitrate was entirely
respired. At the intermediate permeability station while the
sediment was oxic the respiration of nitrate by denitrifica-
tion and DNRA exceeded the production of nitrate by nitrifi-
cation. Therefore by the time that oxygen concentration
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reached zero, nitrate concentration had decreased from 8
umol L™ ! (bottom water concentration) to 4.4 yumol L™ 1.

The effective mixing depths as calculated from the model
were 7.5 mm and 12.2 mm for the lower permeability sta-
tion, 7.7 mm and 11.1 mm for the intermediate permeability
station, and 30 mm and 52 mm for the higher permeability
station, for O, and NOj, respectively (Supporting Informa-
tion Fig. S6; middle panels). These effective mean mixing
depths were used to integrate volumetric rates of oxygen res-
piration, nitrification, denitrification, and DNRA over spe-
cific depth layers. From this integration we derived areal
rates of denitrification, nitrification, DNRA and oxygen respi-
ration for all three stations (Table 4).

The oxygen fluxes and areal N-loss rates predicted by the
Elliot model were compared with a 2D numerical model
from Ahmerkamp et al. (2015). For a parameterization based
on the lower permeability station, the Elliot model was
highly accurate and underestimates fluxes by only up to
10% for bottom water velocities ranging from 0.05 m s~ ! to
0.5 m s~ !. For example, using a bottom water velocity of
0.2 m s ! (as in the Elliot model) the Ahmerkamp model
gave an areal O, flux of 28.1 mmol m % d~! and an areal N-
loss rate of 0.95 mmol m % d .

Discussion

N-loss in highly permeable sediments

Subtidal coastal sediments are often sites of anthropogeni-
cally induced eutrophication and as such, it is important to
understand how they might remove or recycle anthropo-
genic N-inputs. In temperate coastal waters, nitrate concen-
trations are generally low in periods when primary
production is high (Van Beusekom et al. 2009) and conse-
quently sedimentary nitrification could be an essential but
so far understudied source of nitrate for denitrification. Here,
we investigated three sediments which have permeabilities
representative of the sands which cover approximately 60%
of the German Bight (Janssen et al. 2005). By comparing
these results to the growing number of observations in
diverse other permeable sandy sediments, it is now becom-
ing possible to recognise shared traits between them.

We found that anoxic denitrification was the major N-
loss pathway within the highly permeable subtidal German
Bight sediments (Fig. 2). This is in line with other studies of
sandy sediments, whether they be from subtidal regions
with lower permeability (Rao et al. 2008) or from intertidal
regions (Gao et al. 2012; Marchant et al. 2014). Despite all
three sediments studied here being highly permeable, the
variation in volumetric oxygen consumption rates (OCR)
and denitrification rates between stations was greater than
the variation between replicates from the same station (Sup-
porting Information Table S1). This suggests that differences
in permeability, even at values above 10~ '' m? have an
effect on biogeochemical processes.

Coupled nitrification—denitrification in sands

There was a strong correlation between OCR and denitrifi-
cation (Fig. 3). This correlation is not surprising as OCR is
a robust proxy for the amount of labile organic matter in
sediments (Glud 2008). When volumetric denitrification rate
data from studies on different permeable sediments—
subtidal, intertidal, eutrophic and oligotrophic—are taken
together, the strong positive correlation between volumetric
OCR and denitrification rates persists (Fig. 3); clearly indicat-
ing that denitrification potential is controlled by organic
matter availability. This suggests that the differences in deni-
trification observed previously between intertidal and subti-
dal sandy sediments are not related to the tidal regime itself,
but rather to the availability of labile organic matter within
the sediment. Intriguingly, when water column nitrate con-
centrations and OCR are both high, denitrification rates
increase more steeply (circled points, Fig. 3), indicating that
nitrate concentrations are a secondary controller of denitrifi-
cation in permeable sediments. These relationships between
volumetric OCR, nitrate and denitrification rates may allow
better prediction of denitrification rates in sandy sediments.
Generally increases in permeability are observed to lead to
higher rates (Huettel et al. 2014); however this trend might
not persist at very high permeabilities, as indicated by the
comparatively low rates we observed at the most permeable
station.

The average ratio between OCR and denitrification in our
study is about 0.03 and well in line with previous results
(Rao et al. 2008; Gao et al. 2010; Evrard et al. 2013; March-
ant et al. 2014). This suggests that the relative contribution
of denitrification to carbon remineralization is lower in per-
meable sediments than in cohesive sediments that are gener-
ally dominated by sulfate reduction (Jorgensen 1982;
Thamdrup and Canfield 1996). While the overall denitrifica-
tion rates were inefficient relative to oxygen consumption,
they were generally higher than those in cohesive sediments,
and as such seem to be more important for nitrate removal
in coastal environments.

Anammox can significantly contribute to N-loss from
sediments with low organic carbon content (Thamdrup and
Dalsgaard 2002; Sokoll et al. 2012; Song et al. 2013), how-
ever our combined results from the "NH; + acetylene exp.
and the NO, labeling exp. indicate that anammox was not
substantial (see SI text for further details). The predominance
of denitrification over anammox in sandy sediments from
many differing locations (Canion et al. 2014) likely results
from the enhanced supply of organic matter by advection
and the highly fluctuating oxygen conditions, both of which
would favour denitrification.

DNRA also occurred in all three of the sediments; how-
ever it made up a relatively small proportion of the total vol-
umetric NO; reduction (DNRA + Denitrification); accounting
for 2%, 10%, and 17%, for the lower, intermediate and
higher permeability station, respectively. This is similar to
the contribution of DNRA in intertidal permeable sediments
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(Marchant et al. 2014), but lower than in temperate diffusive
sediments (An and Gardner 2002; Trimmer and Nicholls
2009; Koop-Jakobsen and Giblin 2010; Jantti and Hietanen
2012). There also seems to be a correlation between OCR
and DNRA in permeable sediments, although it is not as
strong as that between OCR and denitrification (Supporting
Information Fig. S3). So far, this relationship has only been
investigated in temperate, eutrophied sands. It remains to be
seen whether similar background levels of DNRA are found
in all permeable sediments, or whether differences in organic
matter loading, nitrate concentrations and temperature
affect the ratio of DNRA to denitrification in other permea-
ble sediments.

Ammonia oxidation

We observed oxic ammonia oxidation occurring within the
sediment at all three stations both with (Fig. 4) and without
(Fig. 2a) addition of allylthiourea (ATU). ATU should have
inhibited ammonia oxidation (Ginestet et al. 1998), however
only halved the rates. Similar observations of incomplete inhi-
bition by ATU have been made previously and might be attrib-
uted to the presence of ammonia oxidizing Archaea (Santoro
et al. 2010; Santoro and Casciotti 2011), although we have no
direct evidence this was the case in our study.

To date, ammonia oxidation has only been measured under
advective conditions in permeable sediments from intertidal
regions, where volumetric rates were an order of magnitude
lower than those measured here (Marchant et al. 2014). How-
ever, ammonia oxidation measurements have been made in
sandy sediments under diffusive conditions (see Blackburn and
Henriksen 1983; Ward 2008 and references therein) and the
rates from this study are in the upper range of those.

A modeling study has predicted that advection in permea-
ble sediments might reduce the potential for benthic nitrifi-
cation (Kessler et al. 2013). Kessler et al. (2013) hypothesized
that advective porewater flow would limit the ammonium
available to ammonia oxidizers, as ammonium produced in
anoxic sediments would be returned directly to the water
column rather than be made available to supply ammonia
oxidation. Comparison of the amount of ammonium pro-
duced in situ by aerobic remineralization (calculated from
OCR) and the volumetric ammonia oxidation rates indicated
that enough ammonium would have been released to sup-
port our observed rates (Fig. 6). In addition to this, the
occurrence of both DNRA and denitrification in the presence
of oxygen would have provided further sources of ammo-
nium. This indicates that previous reports of ammonia oxi-
dation in sandy sediments made under diffusive conditions
are more likely to be an underestimation than an overesti-
mation, as advective flows increase oxygen availability and
oxygen penetration depths, both of which enhance the
potential for nitrification (Lohse et al. 1993; Jensen et al.
1994, 1996; Gihring et al. 2010).

Coupled nitrification—denitrification in sands
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Fig. 6. Ammonium available to support ammonia oxidation. Ammo-
nium production within the sediment was calculated from the aerobic
remineralization of organic matter by oxygen respiration. The dashed
line represents the maximum rate of ammonia oxidation that could be
supported by the NH; produced within the sediment. As all points fall
below the line, enough ammonium would have been available to sup-
port the measured rates at all stations.

It is interesting to note that of the two sets of ammonia
oxidation rate measurements made so far under advective
conditions in permeable sands, no generalizations can be
made. Volumetric nitrification rates at a nearby intertidal
location are consistently an order of magnitude lower than
denitrification rates (Marchant et al. 2014), whereas in this
study they were in the same range. Furthermore, in this
study volumetric ammonia oxidation rates differed between
each station, yet unlike denitrification did not correlate
strongly with OCR (even though OCR could be described as
a proxy for the amount of ammonia made available to sup-
port ammonia oxidation). Instead at the intermediate per-
meability station, where the highest OCR occurred, we
observed the lowest ammonia oxidation rates. Therefore it
appears that some other factor controls the potential for
ammonia oxidation in permeable sediments—possibly com-
petition for ammonia or other resources, such as surface area
available for microbial colonization (Belser 1979) or oxygen
availability (Henriksen et al. 1993).

Nitrite oxidation

Ammonia oxidation is generally considered as the rate
limiting step for nitrification (e.g., Ward 2005) and the oxi-
dation of nitrite as a separate process is often neglected. Our
volumetric nitrite oxidation rates can currently only be con-
sidered as potential rates, as it is difficult to determine the
robustness of the method we used due to the scarcity of pre-
vious measurements. It is possible that we underestimated
the rates, as the co-occurrence of nitrate reduction (due to
denitrification in the presence of oxygen) and ammonia
oxidation during nitrite oxidation would have diluted the
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ISNO, pool with ¥NO, and, thus, lowered >NO; produc-
tion. We added high starting concentrations of '>NO, (100
pymol L™1) to minimize the influence of such dilutions. This
addition may have stimulated nitrite oxidation, in which case
the nitrite oxidation rates would be overestimated. However,
no evidence of stimulation of nitrite oxidation by the addi-
tion of NO, has been observed previously in incubation
experiments (Olson 1981; Clark et al. 2008). Our volumetric
nitrite oxidation rates were consistently higher than ammonia
oxidation rates, assuming that nitrite oxidation was not
stimulated by the nitrite additions, this could suggests that
the two processes were partly uncoupled in these sediments.
A similar uncoupling of the two processes has been observed
in suboxic ocean waters where nitrite oxidation and nitrate
reduction co-occur (Fussel et al. 2011; Isobe et al. 2012).

N,O production

Until recently subtidal permeable sediments were not
assumed to be hotspots of nitrogen cycling and therefore
they were rarely considered as a source of N,O. While N,O
over saturations have been measured frequently in the water
column throughout the North Sea (i.e., Law and Owens
1990), they are generally attributed to water column nitrifi-
cation. We observed significant '>N,O formation in the
NH] + NO, labeling experiment when oxygen was pres-
ent and therefore concluded that oxic ammonia oxidation
was the source. In the NO, experiment, ****°N,O were
produced both in the presence and absence of oxygen, indi-
cating N,O production from oxic and anoxic denitrification
(Fig. 5a). The patterns of N,O formation during denitrifica-
tion observed at the lower and higher permeability stations
are very similar to those in intertidal sandy sediments
(unpubl. data). i.e., the ratio between N,O and N, produc-
tion was always higher during the oxic part of the incuba-
tion (Fig. 5b) and net N,O consumption did not occur until
nitrate became limiting (Supporting Information Fig. S2).

Coupled nitrification-denitrification

Coupled nitrification—denitrification is present in many
diffusively dominated sediments, where it is separated spa-
tially due to the occurrence of nitrification in upper oxic
sediment layers and denitrification in lower anoxic layers
(Jenkins and Kemp 1984). In these cases the extent of cou-
pling is determined by the size of the nitrification zone and
the diffusive transport of nitrate from the oxic layer to the
deeper anoxic layer (for example as much as two thirds of
nitrate diffuses upward into the water column (Meyer et al.
2008)). However, in permeable sediments, denitrification in
the presence of oxygen as well as the advective transport of
porewater within the sediment should allow much closer
spatial and temporal coupling of the two processes.

Here, we observed very closely coupled nitrification-denitrifi-
cation. When >NH] was added to permeable sediments from
the German Bight (*NH} + ATU exp.), we observed a temporal
overlap in nitrification and denitrification (Fig. 4; Supporting

Coupled nitrification—denitrification in sands

Information Fig. $4). In fact on addition of >'NH;, the produc-
tion of '*N-N, by denitrification began almost concurrently with
ammonia oxidation and nitrite oxidation. Between one and two
thirds of the ""NH, in the ""NH; + ATU amendment experi-
ment was already nitrified and subsequently denitrified before
oxygen had been consumed. This indicates very close spatial
coupling of nitrification and denitrification in the permeable
sediments when they were oxic. Furthermore, as porewater ages
and becomes anoxic on short time scales in the German Bight,
temporal coupling between nitrification under oxic conditions
and denitrification under anoxic conditions will also occur with-
out the need for diffusive flux of nitrate. The combination of
such closely coupled nitrification-denitrification and high nitri-
fication rates means that this process has the potential to be a
major path of N-loss in the German Bight, most likely leading to
higher N-losses than previously estimated from nitrate fluxes
alone.

Areal N-cycling rates

To estimate the impact of nitrification, denitrification,
DNRA and the coupling between the processes on N-loss
within the German Bight, it is necessary to upscale volumet-
ric rates and examine areal rates. Generally in diffusive sedi-
ments, rates are integrated over the penetration depth of the
appropriate solutes (e.g., oxygen in the case of nitrification,
nitrate in the case of denitrification), which are determined
from concentration profiles within the sediment. However
in permeable sediments, advection plays a crucial role—flow
paths of porewater start and end at the water-sediment-
interface and are of different lengths. Therefore the penetra-
tion depth is a nonlinear function of time (Elliott and
Brooks 1997b), which can be determined by modeling.

Using the approach of Elliott and Brooks (1997b) we cal-
culated mean effective mixing depths for both O, and NO;
for all three stations. Oxygen penetrated into the sediment
7.5 mm, 7.7 mm, and 30 mm at the lower, intermediate and
higher permeability stations respectively (Supporting Infor-
mation Fig. S5). Such O, penetration depths are realistic in
comparison to in situ measurements made during a subse-
quent cruise to the same region, providing validation of the
model. However, areal rates are potentially underestimated
when calculating effective mean mixing depths using advec-
tion as transport by molecular diffusion and porewater dis-
persion is neglected. Despite this, areal oxygen consumption
rates calculated from the model were in the same range as
those measured in situ previously using an autonomous
benthic chamber with controlled advective porewater
exchange (Janssen et al. 2005). Furthermore, while the areal
nitrification rates spanned a large range (Table 3), they are of
the same magnitude as previous areal nitrification estimates
from continental shelf sediments e.g., 2.8 mmol m > d!
(Laursen and Seitzinger 2002).

At all stations nitrate penetrated deeper than oxygen, to
12.2 mm, 11.1 mm, and 53 mm respectively, therefore there
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was a layer of between 4 mm and 23 mm in which denitrifica-
tion and DNRA could occur at their maximal rate. Here the
important influence of coupled nitrification-denitrification
within the sediment becomes apparent. Nitrification rates at
the lower and higher permeability station exceeded oxic deni-
trification and DNRA rates, which meant that by the time the
sediment became anoxic, nitrate concentrations were almost
1.5 times higher than the initial bottom water concentrations.
This highlights the role that nitrification plays in sustaining N-
loss in these sediments, as when bottom water concentrations
of nitrate are low within the German Bight, e.g., in July when
this study was carried out, extensive N-loss can still occur.

Nitrate concentrations are at their lowest in the German
Bight during summer. In almost all other seasons, nitrate
concentrations are higher than the 6-8 ymol L™ measured
in this study. This would have a number of consequences;
first N-loss would increase. For example, increasing the bot-
tom water nitrate concentration in the model to 35 umol
L~! (a typical January concentration for this area (Didhnke
et al. 2010)) would lead to a doubling in N-loss to 110 ymol
N m 2 h™'. Second, the impact of coupled nitrification—
denitrification would be less pronounced, in the same winter
scenario, only 45% of the nitrate required could be supplied
by nitrification. Furthermore, as we did not sample in a
prominent bloom or riverine run-off influenced season,
organic matter (OM) concentrations were also likely to be
comparatively low. Increases in organic matter concentra-
tions would increase volumetric oxygen consumption and
denitrification rates (see N-loss section), which has the effect
of decreasing penetration depths calculated by the model,
but still leading to higher areal N-loss rates.

It is therefore apparent that the highly permeable sedi-
ments we studied here have the potential to remove a signif-
icant amount of the atmospheric deposition and riverine
fluxes of N to the German Bight. The important role of
benthic nitrification in these sediments, which is closely
coupled both spatially and temporally to denitrification
means that significantly greater N-losses occur than would
be expected from nitrate fluxes alone, especially in the peri-
ods of high primary production where nitrate concentrations
are low. We can conclude therefore that the highly permea-
ble subtidal sediments of the German Bight should also be
considered as hotspots of N-cycling. Considering the strong
relationship that is starting to emerge between OCR and vol-
umetric denitrification rates in sandy sediments, it is becom-
ing apparent that they likely provide a large sink for N that
seems to be proportional to the increased inputs of nitrate
and organic matter resulting from anthropogenic activity.
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