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Abstract. Low oxygen concentrations, either natural or an-
thropogenically driven, can severely affect coastal marine
ecosystems. A deeper understanding of oxygen dynamics is
required in order to improve numerical models, eventually to
predict the timing and severity of hypoxia. In this study we
investigate the effect of sediment denitrification on oxygen
concentrations in bottom waters over the continental shelf.
We used two coupled physical-biological models based on
the Regional Ocean Modelling System (ROMS) to compare
summer simulations with and without denitrification within
the sediments for two North American shelves: the Middle
Atlantic Bight (MAB) and the Vancouver Island Shelf (VIS).
These regions belong to western and eastern boundary cur-
rent systems, respectively, and are characterized by different
physical and biological dynamics. Both models assume cou-
pled nitrification-denitrification within the sediments. Deni-
trification represents a loss of bioavailable nitrogen through
the production of dinitrogen gas, with the potential to affect
biogeochemical cycles. In our MAB model, this loss of re-
generated nutrients through denitrification within the sedi-
ments significantly affects primary production, since recy-
cled nitrogen supports most of the primary production in that
region. The diminished primary production and consequent
decrease of organic matter flux to the seafloor leads to less
sediment oxygen consumption and higher oxygen concen-
trations in bottom waters. However, changes in regenerated
nitrogen on the VIS barely affect primary production due
to the efficient supply of new nutrients through wind-driven
upwelling during summer and the nutrient-rich coastal cur-
rent. We recommend that modelling experiments focusing

on oxygen dynamics (as well as oxygen budget calculations)
should include sediment denitrification in coastal regions
where regenerated primary production dominates productiv-
ity.

1 Introduction

Anaerobic remineralization processes become important
where oxygen concentrations are low in the water column
and in the sediment layer below the oxygenated upper few
millimetres (Jørgensen, 1982). Nitrate (NO−

3 ) is the first elec-
tron acceptor used in place of oxygen in the decomposition
of organic matter because its energy yield is the highest af-
ter oxygen (Sørensen et al., 1979; Middelburg and Levin,
2009). The remineralization of organic matter using NO−

3 is
known as “denitrification”. In contrast to aerobic reminer-
alization, end products of denitrification are dinitrogen gas
or nitrous oxide and not readily available to most primary
producers (Seitzinger, 1988). Thus, this anaerobic process
represents a loss of bioavailable nitrogen from the ecosys-
tem and affects water column processes such as primary
production and nitrification, with repercussions for the car-
bon and oxygen cycles. For instance, recent studies in the
Middle Atlantic Bight (MAB) and North Sea suggest that
the presence of denitrification within the sediments plays an
important role in the uptake of atmospheric carbon dioxide
(CO2) by the coastal ocean (Fennel et al., 2008; Thomas
et al., 2009). A high-resolution model of the MAB shows that
the loss of bioavailable nitrogen by sediment denitrification
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decreases primary production, leading to a smaller influx of
atmospheric CO2 into the ocean than in simulations where
denitrification is ignored (Fennel et al., 2008). Observations
in the North Sea suggest that anaerobic degradation of or-
ganic matter in the sediments (e.g., denitrification, sulphate
reduction) represents the largest source of total alkalinity in
shallow areas, which provides a stronger control on pH and
surface partial pressure of CO2 than dissolved inorganic car-
bon (Thomas et al., 2009).

Many studies have focused on the effect of low oxygen
concentrations (i.e., hypoxic conditions) on denitrification
within the sediments (e.g.,Kemp et al., 1990; Middelburg
and Levin, 2009). We investigate here whether sediment den-
itrification can affect oxygen concentrations in bottom wa-
ters over the shelf. Previous studies have shown the impor-
tant role of sedimentary pathways in bottom-water oxygen
dynamics (e.g.,Middelburg and Soetaert, 2005; Soetaert and
Middelburg, 2009; Reed et al., 2011). The water column pro-
cesses affected by sediment denitrification have the poten-
tial to alter oxygen concentrations in several different ways
(Fig. 1). Firstly, a decrease in primary production due to less
available nitrogen leads to a smaller flux of organic matter
reaching the sediments. Consequently, there is a decrease in
remineralization and oxygen consumption by the sediments,
contributing to higher oxygen concentrations in bottom wa-
ters (Process 1). Secondly, the decreased sediment reminer-
alization also diminishes the source of ammonium (NH+

4 ) to
the water column. Therefore, nitrification (the aerobic oxi-
dation of NH+

4 to NO−

3 ) decreases in the water column, re-
sulting in less oxygen consumption and a potential to in-
crease oxygen concentrations (Process 2). Lastly, one needs
to consider the source of NO−3 for the denitrifying bacteria
in the sediments. NO−3 can be provided by the above wa-
ter column (direct denitrification) or by nitrification within
the sediments (coupled nitrification-denitrification). Where
the latter dominates, oxygen is taken from the water col-
umn to fuel nitrification in the sediments. Hence, coupled
nitrification-denitrification leads to an increased oxygen con-
sumption from the sediments, which can contribute to a de-
crease in oxygen concentrations (Process 3). In contrast, di-
rect denitrification represents an extra sink of fixed nitro-
gen for the water column, with the potential to further de-
crease primary production (Process 1). These pathways con-
necting sediment denitrification and oxygen concentrations
in the water column have not been explored in detail. Given
the crucial role of oxygen in marine ecosystems and the inter-
est in understanding and predicting coastal hypoxia, we need
to identify all the mechanisms that control oxygen concen-
trations. An improved constraint of key local processes (such
as sediment denitrification) will allow for the development of
better models for coastal hypoxia, as pointed byPẽna et al.
(2010).

Here we explore the role of denitrification within the sed-
iments on the oxygen dynamics of bottom waters over two

Fig. 1. Schematic of how some ecosystem processes and oxygen
consumption are affected by the presence of coupled nitrification-
denitrification in the sediments: top) scenario with only aerobic
benthic remineralization; bottom) scenario that also considers cou-
pled nitrification-denitrification within the sediments. The different
width of the arrows between panels represents the change in the
magnitude of the fluxes in the two scenarios. Numbers in the bot-
tom panel refer to Processes 1, 2, and 3 described in the text.

distinctly different shelves, looking at the broader effects
of shelf type and coastal circulation. Two similar coupled
biological-physical models, applied to the eastern and west-
ern coastal boundary systems of North America, are used
to evaluate the role of different environmental settings in
the connection between oxygen and sediment denitrification.
The two shelves studied are the broad MAB and the narrower
Vancouver Island shelf (VIS). Located in the central section
of the United States East Coast, the MAB extends from Cape
Hatteras in the south to Nantucket Shoals in the north (right-
hand inset in Fig.2). A large-scale, coastal current system
originating in the Labrador Sea brings cool and relatively
fresh waters onto the Scotian Shelf (Chapman and Beards-
ley, 1989). In the Gulf of Maine, these waters mix with the
warmer, more saline slope water, forming the shelf water that
predominates in the MAB (Smith, 1983; Ramp et al., 1985).
Shelf water remains separated from slope water offshore by
the shelf-break front, and only limited intrusions of offshore
waters occur, such as entrainment of warm Gulf Stream rings
and smaller eddies and mixing with slope water (e.g.,Bis-
agni, 1983; Garvine et al., 1988; Walsh et al., 1988). Input
of “new” nutrients from offshore waters is limited, leading
to a predominant role of “regenerated” nutrients (i.e., inor-
ganic nitrogen generated by oxidation of organic matter in
shelf waters and sediments).

The VIS represents the northern end of the California Cur-
rent System (CCS) on the Canadian West Coast (left-hand
inset in Fig.2). Northwesterly winds drive upwelling dur-
ing summer while downwelling-favourable winds prevail in
winter (Strub et al., 1987a,b). Shelf waves forced by winds
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Fig. 2. Map of North America showing the Middle Atlantic Bight
(MAB) in the east (right inset) and the Vancouver Island Shelf (VIS)
in the west (left inset). The location of the transect represented by
the VIS model is shown by the black line in the left inset, which also
shows the 100, 200, 1000, and 2000 m isobaths off the VIS. The in-
set on the right shows the 25, 50, 200, and 2000 m isobaths from the
MAB model bathymetry. Legends in the plot indicate key locations
mentioned in the text: Vancouver Island (VI), Juan de Fuca Strait
(JdF), Gulf of Maine (GoM), and Scotian Shelf (Sc.S).

further south in the CCS also drive upwelling on the VIS
(Freeland and Denman, 1982). The Vancouver Island Coastal
Current (VICC) flows northward near the coast, bringing
nutrient-rich and relatively fresh waters from the Juan de
Fuca Strait to the shelf (Thomson et al., 1989). Summer ob-
servations indicate the episodic presence over the continental
shelf of upwelled waters from the California undercurrent as
well as the influence of VICC waters on the VIS (Mackas
et al., 1987). These two water sources supply nutrients to the
shelf, fuelling new production and the growth of large diatom
cells (Ianson et al., 2003; Harris et al., 2009).

“New” and “regenerated” nutrient production are typically
equated with uptake of NO−3 and NH+

4 , respectively (Dug-
dale and Goering, 1967). While in the open ocean the only
significant source of NO−3 is from below the nutricline (i.e.,
NO−

3 assimilation= new production), in the coastal ocean
these concepts are less applicable. Allochthonous sources of
NH+

4 and the input of NO−3 from below the nutricline that
resulted from previous nitrification of NH+4 prevent the as-
sociation of NO−3 as an unambiguous “new” nutrient (e.g.,
Walsh et al., 1981; Falkowski et al., 1983).

2 Model experiments and analysis

The selected study areas represent coastal systems with
different physical and biological dynamics. Both regions
were modelled with the Regional Ocean Modelling System
(ROMS,http://myroms.org, Haidvogel et al., 2008). The 3-D
model for the MAB was developed and described byFennel
et al.(2006). It is nested within a model of the North Ameri-
can basin, which provides the necessary initial and boundary

conditions. The MAB simulations were spun up for one year
starting in January 2003 and then continued for the whole
year 2004 (Fennel et al., 2008). For the VIS, a quasi-2-D
model was used to represent a vertical section of a transect
perpendicular to isobaths, with a uniform, small (∼ 5 km)
alongshore dimension (Bianucci et al., 2011). Initial condi-
tions were set horizontally uniform for all tracers and zero
for velocities. Averages of observed summer deep ocean pro-
files were used for initialization, except for variables with
no available observations. For these variables (phytoplank-
ton, zooplankton, NH4+, and detritus), small, vertically uni-
form constant values were used. Model experiments were
125-days long (first 50 days were spin-up), from 27 May to
29 September 1993, a year with upwelling conditions close to
the climatological average (Bianucci et al., 2011). Since the
VIS model was analyzed only from 16 July to 29 Septem-
ber to capture the upwelling season, we used the same time
window of 75 days to analyze results from the MAB.

In addition to the different dimensions (2-D vs. 3-D),
the models differ slightly in their biological components.
While both nitrogen-based models include the same nutrients
(NO−

3 , NH+

4 , dissolved inorganic carbon), phytoplankton,
zooplankton, and large detritus structure, the MAB model
has a pool of small detritus while the VIS model includes
dissolved organic matter (DOM) instead. The latter does not
sink and has longer remineralization time scales than the
small detritus pool in the MAB model. Despite this differ-
ence, the models have similar ecosystem dynamics and each
model reproduces the biogeochemical characteristics of its
region. Moreover, these models offer an opportunity to per-
form an inter-shelf comparison. Three different sediment pa-
rameterizations were implemented in the VIS model; here,
we choose the same parameterization as in the MAB model
(instantaneous remineralization of particulate organic matter
reaching the seafloor, i.e., a reflective boundary). Given the
quasi-2-D physical setup of the VIS model, the assumption of
instantaneous remineralization of organic matter reaching the
seafloor, and the prescribed sinking rate of detritus (5 m d−1),
the shelf system reaches a quasi-steady state by the end of
the 50-day spin-up period. Since both MAB and VIS models
have sufficiently long spin-up times, the 75-day study period
does capture the feedbacks between sediment denitrification
and primary production in response to the varying forcing.

Both models consider coupled nitrification-denitrification
in the sediments and assume the following stoichiometry for
denitrification and nitrification:

C106H263O110N16P+ 97.8H+
+ 84.8NO−

3 →

106CO2 + 42.4N2 + 16NH+

4 + PO−3
4 + 148.4H2O (1)

NH+

4 + 2O2 → NO−

3 + 2H+
+ H2O (2)

From the oxidation of 1 mol of organic matter within the
sediments (i.e., 16 mol-N, 106-mol-C), only a fractionψ is
released as NH+4 back to the water column, while a fraction
1-ψ is lost as N2. The release of NH+4 from (and oxygen
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demand by) the sediments is based on an empirical relation-
ship between coupled nitrification-denitrification and oxy-
gen consumption in the sediments (Seitzinger and Giblin,
1996). A larger compilation of measurements gave essen-
tially the same fit as Seitzinger and Giblin, indicating that
bottom-water concentrations of NO−

3 or O2 are not effective
predictors of sediment denitrification in oxic environments
(Fennel et al., 2009). Combining the Seitzinger and Giblin
relationship and the assumption that organic matter reach-
ing the sediments can only be remineralized aerobically or
denitrified,Fennel et al.(2006) calculated that in the MAB
model 86 % of the oxidation of organic matter is aerobic
and 14 % occurs through coupled nitrification-denitrification.
Further calculations led to a value ofψ=4/16 (see their Ap-
pendix A). Since the VIS model uses photosynthetic quo-
tients (PQ,Laws, 1991) rather than Redfield’s O2:C ratio
(PQ= 1.1 vs. O2: C= 106: 106= 1), the above calculations
led to 85 % aerobic remineralization, 15 % denitrification,
andψ = 3/16 in that model (Bianucci et al., 2011). The par-
tition of benthic oxidation between aerobic and anaerobic
pathways resulted in a different O2:N ratio for remineral-
ization within the sediments compared with the water col-
umn. In the latter, O2 : N ratios are 106: 16 in the MAB and
117: 16 on the VIS. In the sediments, oxygen is consumed
following a O2: N ratio of 115: 16 in the MAB and 125: 16
on the VIS (Bianucci et al., 2011). If sediment denitrifica-
tion is removed from the model, 100 % of the organic matter
reaching the seafloor is remineralized aerobically and benthic
O2 : N ratios are identical to those of the water column.

The models also include water column nitrification, but
do not consider nitrogen fixation. Inclusion of the latter pro-
cess could have a major impact on the modelled ecosystem
dynamics. However, denitrification is more important than
N2 in the MAB, as shown by the predominantly negative
observed N* values (Fennel, 2010). Moreover, in the MAB
model, sediment denitrification leads to a nitrogen removal
that exceeds estimates of N2 fixation by up to an order of
magnitude (Fennel et al., 2006), although recent observations
suggest that those estimates may have underestimated N2 fix-
ation rates (Mulholland et al., 2012). To our knowledge, there
is no evidence of significant N2 fixation in our study area over
the VIS (Ianson and Allen, 2002). The usually cold waters
and high uptake rates of either NO−

3 or NH+

4 in the region
(Pẽna and Varela, 2007) would suggest unfavourable condi-
tions for N2 fixation.

Oxygen dynamics are treated similarly in the MAB and
VIS models. Oxygen is produced during photosynthesis with
two different carbon to oxygen ratios, depending whether the
nitrogen source is NO−3 or NH+

4 . For these two ratios, the
MAB model uses Redfield values of 138: 106 and 106: 106
(Redfield et al., 1963), while the VIS model uses photosyn-
thetic quotients PQn= 1.4 and PQa= 1.1 (Bianucci et al.,
2011). Oxygen is consumed at a fixed ratio during respiratory
processes (Redfield ratio for the MAB and inverse of PQa for
the VIS) and during nitrification. Air–sea oxygen exchange is

parameterized using the gas transfer velocity byWanninkhof
(1992) and the oxygen saturation at surface byGarćıa and
Gordon(1992), just as in the VIS model (Bianucci et al.,
2011). Initial and boundary conditions for the MAB were de-
rived from the NODC World Ocean Database as described in
Fennel et al. (2006). For further details on the models, their
equations, and their evaluation, refer toFennel et al.(2006,
2008), Bianucci(2010), andBianucci et al.(2011).

To evaluate the effect of sediment denitrification on
bottom-water oxygen concentrations, we compared simu-
lations in each region with and without this process. The
change in near-bottom oxygen due to the presence of deni-
trification within the sediments was calculated as the relative
difference of the oxygen fields in the near-bottom layer (i.e.,
deepest vertical level in the water column) between experi-
ments:

1O2=100 %×

(
ODNF

2 −ONoDNF
2

)
/ONoDNF

2 , (3)

where the superscripts DNF and NoDNF indicate simula-
tions with and withouth sediment denitrification, respec-
tively. In the case of primary production, we analyzed the
absolute difference between experiments, since productivity
offshore tends to be considerably lower than over the shelf,
such that even small changes in production lead to large rel-
ative changes. Therefore,1PP= PPDNF

− PPNoDNF, where
PP is the vertically integrated primary production. Modelled
primary production represents the combination of NO−

3 and
NH+

4 assimilation.
Oxygen budgets for the bottom 10 m of the water column

were used to analyze the processes that drive1O2 over the
shelf. For any given process (e.g., advection, remineraliza-
tion in the sediments, etc.), the corresponding term of the
budget was obtained by integrating the process over the bot-
tom 10 m and averaging over time. These estimates were av-
eraged horizontally over shelf regions shallower than 200 m.
The sum of all budget terms gives a spatial average of the
total change in oxygen concentrations in the bottom 10 m for
the period of study, in units of mmol-O2 m−2 d−1. An equiv-
alent budget for dissolved inorganic nitrogen (DIN= NO−

3 +
NH+

4 ), but for the whole water column rather than the bot-
tom 10 m, was calculated to emphasize the role of advection
of nutrients compared with biological sources on each shelf
system.

3 Results

Simulations with and without sediment denitrification (DNF
and NoDNF experiments, respectively) allow us to evaluate
the effect of this anaerobic process on near-bottom oxygen
concentrations over both shelves. The mean1O2 in the bot-
tom layer of the models (average of 75 days) shows larger
changes in the MAB than on the VIS (Fig.3a and b). On
the VIS, the mean1O2 only varies as a function of distance
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Fig. 3. (a, b)Change (in %) of oxygen concentrations in the near-
bottom layer of the two models due to the presence of sediment

denitrification (1O2=100 %×

(
ODNF

2 −ONoDNF
2

)
/ONoDNF

2 ), av-

eraged in the 75-day period of study:(a) Mean1O2 as a function
of distance from the shelf break in the VIS quasi-2-D model and
in two transects from the MAB model;(b) Map of mean1O2 for
MAB domain, showing the two transects used in(a). (c, d) Aver-
aged oxygen concentrations (mmol m−3) in the near-bottom layer
of the two models for the experiments without sediment denitrifica-
tion (ONoDNF

2 ): (c) same as(a) for mean ONoDNF
2 ; (d) same as(b)

for ONoDNF
2 . The dashed vertical lines in(a) and(c) indicate the po-

sition of the shelf break (200 m isobath), shown as a grey contours
in (b) and(d).

from the shelf break due to the 2-D (xz-plane) model domain
(Fig. 3a, blue curve). Changes on the VIS are negligible,
within ±0.2 %. In the MAB, mean1O2 was positive mostly
everywhere (Fig.3b), meaning that sediment denitrification
resulted in an increase in near-bottom oxygen. To compare
with the VIS changes, we selected two representative tran-
sects in the northern and southern MAB, near Long Island
and Chesapeak Bay, respectively (black and red lines in
Fig.3b).1O2 over the shelf in the northern transect is∼10%,
while values in the southern transect exceed 45 % (Fig.3a,
black and red curves). In the southern MAB, oxygen concen-
trations increased up to 182 mmol m−3 due to the presence
of denitrification in the sediments. There, the NoDNF sim-
ulation reached hypoxic conditions (O2<60 mmol m−3) in
areas shallower than 15 m. Mean oxygen concentrations for
the NoDNF experiments are shown for reference (Fig.3c and
d).

The loss of bioavailable nitrogen due to denitrification
within the sediments decreased primary production signifi-
cantly in the MAB (Fig.4). While total production on the
VIS barely changed between DNF and NoDNF experiments
(−0.01 gC m−2 d−1 <1PP<0, Fig. 4a, blue curve), mean

Fig. 4. (a, b) Change (in gC m−2 d−1) of vertically integrated
primary production due to the presence of sediment denitrifica-
tion (1PP= PPDNF

− PPNoDNF), averaged in the 75-day period
of study. (a) Mean1PP as a function of distance from the shelf
break in the VIS quasi-2-D model and in two transects from the
MAB model. (b) Map of mean1PP for MAB domain, showing
the two transects used in(a). (c, d) Averaged vertically integrated
primary production (gC m−2 d−1) in the two models for the exper-
iments without sediment denitrification (PPNoDNF): (c) same as(a)
for mean PPNoDNF; (d) same as(b) for PPNoDNF. The dashed verti-
cal lines in(a) and(c) indicate the position of the shelf break (200 m
isobath), shown as a grey contours in(b) and(d).

1PP over the MAB is−0.15 gC m−2 d−1 with minima of
−1 gC m−2 d−1 near Cape Hatteras (Fig.4b). The represen-
tative MAB transects show larger1PP than the VIS, both
offshore and inshore of the shelf break (Fig.4a). As waters
leave the shelf at Cape Hatteras, flowing along the north-
ern edge of the Gulf Stream (Ford et al., 1952), they trans-
port shelf nutrients offshore. In the DNF simulation, the con-
centration of bioavailable nitrogen transported offshore was
lower than in the NoDNF experiment, leading to the observed
decrease of primary production adjacent to the shelf break.
NO−

3 assimilation represents∼ 42 % of the primary produc-
tion in the VIS model compared with∼ 25 % in the MAB
model.

Oxygen concentrations in bottom waters can change due
to both physical and biological processes (Fig.5). Vertical
mixing tends to increase oxygen in the bottom, since upper
layers usually have higher oxygen concentrations. However,
advection can either increase or decrease oxygen over the
shelf, depending on the direction of the currents and the hor-
izontal oxygen gradients. All biological processes in the bot-
tom layers of the water column (sediment and water column
remineralization and nitrification) consume oxygen. In the
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Fig. 5. Contributions to the O2 budget for the bottom 10 m of the
water column of the modelled shelves (depth≤ 200 m), averaged
over the 75 days of the analysis period: (top) VIS and (bottom)
MAB. Experiments with and without denitrification in the sedi-
ments are shown as grey and black bars, respectively. The bottom
axis reads: net budget (sum all of budget terms), advection (horizon-
tal plus vertical), vertical mixing, sediment remineralization, rem-
ineralization of organic matter in the water column and nitrification
in the water column. Positive fluxes are into the near-bottom layer.

MAB, bottom oxygen increases during the 75 days of anal-
ysis in both simulations (positive “net budget” columns in
Fig. 5), mainly due to the effect of vertical mixing. In con-
trast, both VIS experiments lost oxygen through onshore ad-
vection of low-oxygen waters and biological consumption.
Furthermore, the relative importance of the different biolog-
ical processes varied between study areas. On the VIS, sedi-
ment remineralization dominated the biological consumption
of oxygen. However, sediment and water-column remineral-
ization were similar in the MAB in the NoDNF experiment,
while water-column remineralization was the largest oxygen
sink in the DNF simulation.

The comparison of the oxygen budgets between the DNF
and NoDNF experiments shows which processes led to the
different magnitudes of mean1O2 (Fig. 5). On the VIS,
oxygen consumption by the sediments increased slightly in
the DNF simulation with respect to the NoDNF experiment
(Fig. 5a, grey and black bars, respectively), corresponding to
Process 3 mentioned in Sect.1 (extra oxygen consumption
from coupled nitrification-denitrification). Moreover, oxygen
consumption by nitrification decreased in the DNF case due
to less available NH+4 in the water column (Process 2 from
Sect.1). As these changes are small and balance each other,
variations in oxygen are negligible on this shelf (Fig.3a,
blue curve). However, in the MAB oxygen consumption by

the sediments decreased sharply when denitrification was en-
abled (Fig.5b, grey bars), following Process 1 (less sediment
mass to be remineralized due to diminished primary produc-
tion). This effect resulted in the higher oxygen concentra-
tions and positive1O2 in the bottom layers of the MAB
model (Fig.3b). Changes in the remaining biological pro-
cesses (water-column remineralization, nitrification) in the
DNF simulation contributed to a lesser extent to the decrease
in oxygen consumption. Physical processes (advection, verti-
cal mixing) re-adjusted themselves to the new oxygen gradi-
ents in the DNF simulation, compensating only partially for
the smaller sinks of oxygen.

4 Discussion and conclusions

The role of denitrification within the sediments has been ex-
amined previously with respect to air-sea CO2 fluxes and car-
bon storage in the coastal ocean (Fennel et al., 2008; Thomas
et al., 2009). Here, we investigated the effect of this anaero-
bic process on the oxygen concentrations of bottom waters
and found different behaviour in our two study regions. The
loss of bioavailable nitrogen through sediment denitrifica-
tion significantly decreased primary production in the MAB,
such that less organic matter reached the seafloor in the DNF
simulation compared with the NoDNF experiment. There-
fore, the DNF simulation shows a decrease in sediment rem-
ineralization and consequent decrease of sediment oxygen
consumption. This diminished consumption leads to higher
oxygen concentrations in the bottom layer and positive1O2
(Fig. 3b). Compared with this strong effect in bottom oxy-
gen concentrations, other processes affected by the presence
of sediment denitrification (e.g., decreased water-column ni-
trification and higher O2 : N ratios for sediment remineraliza-
tion) are negligible. However, sediment denitrification barely
affects primary production on the VIS. The small changes
in sediment remineralization and nitrification balance each
other and result in bottom1O2 ∼ 0 (Fig.3a, blue line).

These results suggest that the effect of sediment denitrifi-
cation on bottom oxygen concentrations depends on the ef-
fect of this anaerobic process on primary production. If re-
generated or recycled nutrients support most of the primary
production, an alteration of the amount of biovailable nitro-
gen produced by the sediments can affect primary production
over the shelf. In contrast, if nutrients from external sources
(e.g., upwelled from the deep ocean) largely sustain phyto-
plankton growth, then a loss of recyled nitrogen from deni-
trification in the sediments does not strongly affect primary
production. The dissolved inorganic nitrogen budget in our
models shows that advection represents a large source of nu-
trients on the VIS, while it is not significant in the MAB
(Fig. 6). Therefore, the VIS results are rather insensitive to
denitrification, since external sources provide the required
nutrients for primary production.
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Fig. 6.Contributions to the DIN budget for the whole water column
of the modelled shelves (depth≤ 200 m), averaged over the 75 days
of the analysis period: (top) VIS and (bottom) MAB. Experiments
with and without denitrification in the sediments are shown as grey
and black bars, respectively. The bottom axis reads: net budget (sum
all of budget terms), advection (horizontal plus vertical), vertical
mixing, sediment remineralization, biological sources of DIN in the
water column (remineralization of organic matter and zooplankton
respiration) and primary production. Positive fluxes represent a gain
of DIN by the shelf waters.

Waters in the MAB have spent a long time over the conti-
nental shelf off northeastern North America, since the coastal
current system starts in the Labrador Sea (Chapman and
Beardsley, 1989). The strong signal of sediment denitrifica-
tion found in these waters provides evidence of the long res-
idence time and the importance of nutrient regeneration on
the shelf (Fennel, 2010). Observations indicate that recycled
nutrients support high productivity in the MAB (Falkowski
et al., 1988). In our model results, NH+4 assimilation rep-
resented∼ 75 % of production, which agrees with previous
observational studies (50–80 % in the mixed layer,Harrison
et al., 1983). Although the latter study only considered re-
generated production in the mixed layer (mainly fueled by
locally regenerated NH+4 ), their values represent a lower limit
for the regenerated production as calculated in our study (i.e.,
integrated over the whole water column, where the NH+

4 con-
sumed can be produced by the recycling of organic matter in
deeper waters and/or the sediments). Both model and obser-
vations point towards the importance of regenerated nutrients
in the MAB. Furthermore, NO−3 assimilation in this region
cannot be thought of as “new” production supported from ex-
ternal sources of NO−3 . The long residence time of waters in
the MAB (> 100 days,Mountain, 1991) on the shelves of the
coastal current system (likely> 1 yr) allows for nitrification

to transform regenerated NH+

4 into NO−

3 . Moreover, as men-
tioned in Sect.1, the input of NO−

3 from offshore waters in
the MAB is limited. If the sediments were to release part
of the NO−

3 produced by nitrification to the water column
(observed, e.g., byMiddelburg and Soetaert, 2005), it would
also complicate the idea of “new” production. However, on
the VIS external sources of nutrients significantly contribute
to primary production, such as the nutrient-rich VICC and
wind-driven summer upwelling (e.g.,Whitney et al., 2005;
Hickey and Banas, 2008).

Intercomparison studies are fundamental to understanding
the heterogeneous global coastal ocean. Ideally, the compar-
ison of modelling experiments for different coastal regions
would be done with physical models that follow the same
setup and have identical biological models. These conditions
are extremely hard to meet, since regional models are usu-
ally developed to study questions specific to a particular ge-
ographical location. The models used in this study are based
on the same circulation model (ROMS), although in different
physical configurations (quasi-2-D vs. 3-D). Their biologi-
cal components differ only slightly in the modelling of two
detritus pools (MAB) vs. a large detritus and a dissolved or-
ganic matter pool (VIS). Both models adequately reproduce
the main physical (e.g., temperature, salinity) and biological
(e.g., chlorophyll, NO−3 ) characteristics of the two regions
(seeFennel et al., 2006, 2008; Bianucci et al., 2011), al-
lowing us to carry out this intercomparison. Our conclusions
about the role of regenerated vs. new nutrients in each re-
gion are consistent with previous studies (e.g.,Harrison et al.,
1983; Falkowski et al., 1988; Ianson et al., 2003; Hickey and
Banas, 2008).

The biological models used here assumed coupled
nitrification-denitrification in the sediments (i.e., nitrifica-
tion of NH+

4 provides all the NO−3 for denitrification), so
the sediments do not exchange NO−

3 with the water column
(Fennel et al., 2006; Bianucci et al., 2011). This assump-
tion affects the results, since direct denitrification would cre-
ate an additional sink of bioavailable nitrogen and may fur-
ther alter the oxygen cycle. In particular, direct denitrifica-
tion would strengthen the feedback between benthic deni-
trification and oxygen concentrations in bottom waters, by
furthering limiting primary production and the flux of or-
ganic matter to the sediments. We are confident that this as-
sumption is adequate for the MAB, where estimates from
a long-term ecosystem observatory site (LEO-15) showed
that coupled nitrification-denitrification supported 91–100 %
of total sediment denitrification (Laursen and Seitzinger,
2002). Observations in other nearby regions also indicate
the predominance of this type of sediment denitrification,
e.g., in Long Island Sound (Mackin and Swider, 1989) and
the South Atlantic Bight (Hopkinson et al., 1991). No esti-
mates of sediment denitrification are available for the VIS
area. On the Washington shelf, just south of the study region,
coupled nitrification-denitrification represents about 60 % of
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total sediment denitrification (Devol, 1991), suggesting that
direct denitrification may be significant on the VIS. How-
ever, advection of DIN to the whole VIS region represents a
large source of inorganic nitrogen (Fig.6). Therefore, given
the external sources of new nutrients to the VIS (i.e., from
wind-driven upwelling and the NO−3 rich VICC), direct den-
itrification is unlikely to strongly affect primary production
and oxygen concentrations.

A relevant characteristic shared by our two study regions
is that both are normoxic shelves, i.e., oxygen concentra-
tions tend to be above the hypoxic threshold. Non-zero bot-
tom water oxygen concentrations are required for coupled
nitrification-denitrification to occur in the sediments (e.g.,
Kemp et al., 1990), since nitrification is an aerobic process.
Moreover, the parameterization used in our models relies
on the observed correlation between denitrification and sedi-
ment oxygen consumption (Seitzinger and Giblin, 1996), and
is recommended only for oxic environments (Fennel et al.,
2009). For instance, this parameterization does not consider
that hypoxic bottom waters decrease coupled nitrification-
denitrification rates in the sediments (Kemp et al., 1990,
2009). Our parameterization also neglects other processes
that can be important in low oxygen environments, such
as dissimilatory nitrate reduction to ammonium or DNRA
(Bohlen et al., 2011). Furthermore, hypoxic conditions can
affect nutrient cycling within the sediments in indirect ways,
e.g., by reducing benthic macrofauna bio-irrigation and bio-
turbation (Kemp et al., 2009; Middelburg and Levin, 2009).

The motivation for this work was to improve the under-
standing of oxygen dynamics by assessing the role of deni-
trification within the sediments on bottom-water oxygen con-
centrations. Our results indicate that sediment denitrification
can impact oxygen concentrations on shelf regions where re-
cycled nutrients support most of phytoplankton growth. In
these regions, sediment denitrification should be considered
as a factor influencing oxygen dynamics, since its effects are
large enough to help maintain concentrations above the hy-
poxic threshold.
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wick, E. H., Prowe, A. E. F., Bozec, Y., de Baar, H. J. W., and
Borges, A. V.: Enhanced ocean carbon storage from anaerobic al-
kalinity generation in coastal sediments, Biogeosciences, 6, 267–
274,doi:10.5194/bg-6-267-2009, 2009.

www.biogeosciences.net/9/2673/2012/ Biogeosciences, 9, 2673–2682, 2012

http://dx.doi.org/10.1016/j.jcp.2007.06.016
http://dx.doi.org/10.1016/j.dsr2.2009.02.009
http://dx.doi.org/10.1093/plankt/5.4.539
http://dx.doi.org/10.1029/2001GB001451
http://dx.doi.org/10.1016/S0967-0637(03)00114-6
http://dx.doi.org/10.1038/296643a0
http://dx.doi.org/10.5194/bg-6-2985-2009
http://dx.doi.org/10.1016/S0278-4343(02)00008-0
http://dx.doi.org/10.1016/S0278-4343(02)00008-0
http://dx.doi.org/10.1016/0198-0149(91)90059-O
http://dx.doi.org/10.1029/JC092iC03p02907
http://dx.doi.org/10.1357/002224089785076154
http://dx.doi.org/10.5194/bg-6-1273-2009
http://dx.doi.org/10.1016/0278-4343(91)90068-H
http://dx.doi.org/10.1016/j.pocean.2007.08.009
http://dx.doi.org/10.5194/bg-7-933-2010
http://dx.doi.org/10.1007/BF02179829
http://dx.doi.org/10.1007/s10750-009-9777-x
http://dx.doi.org/10.1029/JC092iC02p01527
http://dx.doi.org/10.1029/JC092iC02p01507
http://dx.doi.org/10.5194/bg-6-267-2009


2682 L. Bianucci et al.: Sediment denitrification and O2 dynamics

Thomson, R. E., Hickey, B. M., and LeBlond, P. H.: The Vancouver
Island coastal current: fisheries barrier and conduit, in: Effects of
Ocean Variability on Recruitment and an Evaluation of Param-
eters Used in Stock Assessment Models, edited by: McFarlane,
G., Can. Spec. Publ. Fish. Aquat. Sci., 265–296, 1989.

Walsh, J. J., Rowe, G. T., Iverson, R. L., and McRoy, C. P.: Bio-
logical export of shelf carbon is a sink of the global CO2 cycle,
Nature, 291, 196–201, 1981.

Walsh, J. J., Biscaye, P. E., and Csanady, G. T.: The 1983–1984
shelf edge exchange processes (SEEP)–I experiment: hypotheses
and highlights, Cont. Shelf Res., 8, 435–456,doi:10.1016/0278-
4343(88)90063-5, 1988.

Wanninkhof, R.: Relationship Between Wind Speed and Gas Ex-
change Over the Ocean, J. Geophys. Res., 97, 7373–7382,
doi:10.1029/92JC00188, 1992.

Whitney, F., Crawford, W., and Harrison, P.: Physical processes that
enhance nutrient transport and primary productivity in the coastal
and open ocean of the subarctic NE Pacific, Deep-Sea Res. II, 52,
681–706,doi:10.1016/j.dsr2.2004.12.023, 2005.

Biogeosciences, 9, 2673–2682, 2012 www.biogeosciences.net/9/2673/2012/

http://dx.doi.org/10.1016/0278-4343(88)90063-5
http://dx.doi.org/10.1016/0278-4343(88)90063-5
http://dx.doi.org/10.1029/92JC00188
http://dx.doi.org/10.1016/j.dsr2.2004.12.023

