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Abstract Nutrient loads from the Mississippi River water-
shed are associated with seasonal development of bottom-
water hypoxia in the northern Gulf of Mexico. Microbial ni-
trogen (N) transformations at the sediment-water interface are
important in determining system productivity and the devel-
opment and maintenance of hypoxia. Intact sediment cores
were incubated in a continuous-flow system with stable iso-
tope tracers to identify and quantify important N sources (e.g.,
N fixation), sinks (e.g., denitrification and anammox), and
links (e.g., dissimilatory nitrate reduction to ammonium,
DNRA). Microbial N sinks on the Louisiana-Texas continen-
tal shelf remove up to 68 % of the total N load from the

Mississippi River watershed, and up to 29% of this N removal
(mean=11.8±1.7%)may be due to anammox. The highest N2

production rates and ammonium effluxes were observed at
low bottom-water oxygen concentrations, and sediments were
a significant source of ammonium to the water column at all
times. DNRA and heterotrophic N fixationwere not consistent
pathways for total sediment N fluxes, but their potential im-
portance to N balance and productivity in the system warrants
further study and inclusion in ecosystem models. Physical
disturbance from passage of two hurricanes in 2008 resulted
in lower N cycling rates and sediment oxygen consumption,
with sediment processes migrating into the water column.
Denitrification is the dominant N sink in the northern Gulf
of Mexico and provides a valuable ecosystem service by mit-
igating N loads from the Mississippi River watershed, partic-
ularly during seasonal bottom-water hypoxia events.
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Introduction

Bottom-water hypoxia has occurred during summer in the
northern Gulf of Mexico (NGOMEX) for more than three
decades (Boesch et al. 2009). Anthropogenic nutrient
loading from the Mississippi River basin drives hypoxia
development via increased primary production and subse-
quent decomposition of autochthonous organic matter.
Alternative and/or secondary explanations include oxida-
tion of allochthonous organic matter, physical stratifica-
tion, and coastal wetland losses (reviewed by Boesch
et al. 2009). An oxygen isotope approach supported the
nutrient loading paradigm; oxygen dynamics were best
explained by algal biomass, with lesser roles for salinity,
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temperature, depth, and water column stability (Quiñones-
Rivera et al. 2010). However, the nutrient loading expla-
nation may over-simplify a complex problem (e.g., Rowe
and Chapman 2002). Regardless of the causes and mech-
anisms, the negative effects of hypoxia on fish and ben-
thic communities, food webs, and habitat are well
established (e.g., Breitburg 2002; Middelburg and Levin
2009; O’Connor and Whitall 2007).

Nitrogen (N) is a significant component of nutrient inputs
to the NGOMEX, mostly derived from agriculture in the
watershed (Dagg and Breed 2003). Over half (53 %) of
annual average riverine N inputs into the NGOMEX are
composed of nitrate (NO3

−), and the combination of NO3
−

and organic N accounts for 96 % of these N inputs (Turner
and Rabalais 1991). The size of the mid-summer hypoxic
zone is related to the NO3

− concentration in the Mississippi
River in the 2 months prior (Turner et al. 2006), and NO3

−

loading to the NGOMEX has more than tripled since the
1950s (Turner et al. 2003).

The highest particulate organic matter flux to the sedi-
ments occurs during spring, when Mississippi River dis-
charge is highest (Dagg and Breed 2003), and benthic
processes control how much settled material is buried or
regenerated. Despite the importance of N dynamics in the
development and maintenance of hypoxia in the
NGOMEX, relatively little is known about internal N
transformations relative to sources, sinks, and Blinks^
(c.f., Gardner et al. 2006) and their relationships with
seasonal hypoxia. These sources, sinks, and links include
heterotrophic N fixation (e.g., Fulweiler et al. 2007),
denitrification, and anaerobic ammonium oxidation
(anammox; e.g., Mulder et al. 1995), and dissimilatory
NO3

− reduction to ammonium (DNRA; e.g., An and
Gardner 2002), respectively. While the N sources and
links may exacerbate hypoxia development by fueling
additional primary production and subsequent respiration
(e.g., nitrification), N sinks provide a valuable ecosystem
service by removing N from the system as N2 gas
(Piehler and Smyth 2011). No studies have evaluated this
entire suite of benthic N transformations in the
NGOMEX, but previous denitrification estimates were
relatively low (e.g., Childs et al. 2002 and erratum).
More recently, denitrification was estimated to remove
~39 % of riverine N loads onto the Louisiana continental
shelf (Lehrter et al. 2012). Benthic chambers revealed that
sediments were always a source of NH4

+ and a sink for
NOx (Rowe et al. 2002), suggesting remineralization and
denitrification, respectively. No significant effects of
hypoxia on sediment NH4

+ and NOx fluxes were
observed, but sediment oxygen consumption (SOC) was
depressed during hypoxia (Rowe et al. 2002). These
authors suggested that future studies should focus on
sediment N recycling using more direct methods.

Sediment denitrification rates, estimated using acetylene
inhibition, in the NGOMEX were highest at bottom-water
oxygen concentrations of 1–3 mg L−1 (Childs et al. 2002
and erratum). The authors speculated that lower denitrification
rates at oxygen concentrations <1 mg L−1 were due to com-
petition for NO3

− from DNRA. Reported denitrification rates
using acetylene inhibition were similar to those from stoichio-
metric evaluation of SOC (Gardner et al. 1993). Acetylene
inhibition blocks the final step of denitrification (N2O→N2)
to facilitate measurement but also blocks nitrification
(NH4

+→NO2
−→NO3

−; e.g., Steingruber et al. 2001).
Nitrification often is coupled to denitrification in marine sed-
iments and may represent the dominant source of substrate
(e.g., Laursen and Seitzinger 2002). Thus, acetylene inhibition
may cause NO3

− limitation in incubations and underestimate
denitrification rates. Direct methods for measuring denitrifica-
tion, such as isotope pairing (Nielsen 1992) and N2/Ar (Kana
et al. 1994, 1998), improve accuracy and help identify N2

production pathways.
The biogeochemical pathways and rates contributing to

hypoxia development or reducing N eutrophication are thus
not constrained in the NGOMEX. Studying these relation-
ships in sediments and overlying water is optimized by tech-
niques that do not disturb the flocculent layer at the sediment-
water interface (SWI) or cause re-aeration of surface sedi-
ments, while maintaining an intact overlying water column
(Gardner et al. 2009). The importance of these issues was
demonstrated in the NGOMEX, where methodological differ-
ences in sediment nutrient fluxes were observed only during
hypoxia (Miller-Way et al. 1994). A BHYPOX^ corer, de-
signed to minimize disturbance during core collection
(Gardner et al. 2009), was used in our study to collect intact
sediment cores and overlying water for continuous-flow
incubations.

We characterized SOC, nutrient fluxes, DNRA, hetero-
trophic N fixation, and denitrification (and/or possible
anammox) at several sites in the NGOMEX to determine
the relative contributions of microbial N transformations to
system N dynamics, as well as to evaluate the ecosystem
services provided by N sinks. These sediment N transfor-
mations were evaluated in different seasons, at hypoxic
and normoxic sites, and at water depth and nutrient gra-
dients with distance from the Mississippi and Atchafalaya
River discharges. Specific hypotheses addressed were as
follows: (1) Denitrification (and anammox) rates decrease
during bottom-water hypoxia via reduced coupling with
nitrification, (2) DNRA rates are higher and account for
a higher proportion of total NO3

− reduction during hypox-
ia, and (3) heterotrophic N2 fixation in sediments is not
important in the nutrient-rich NGOMEX. Circumstances
encountered during the study also allowed consideration
of hurricane passage and Deepwater Horizon oil spill ef-
fects on SWI N transformation rates.
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Methods

Sediment-water interface N and oxygen dynamics were exam-
ined at several sites in the NGOMEX during six cruises
aboard the R/V Pelican in July 2008, September (Sept)
2008, January (Jan) 2009, August (Aug) 2009, May 2010,
and May 2011 (Fig. 1). The Sept 2008 cruise (Sept 18–23)
occurred within 3 weeks of Hurricanes Gustav (Aug 30 to
Sept 1) and Ike (Sept 9–13), which passed directly over the
study area as Category 3 and 2 storms, respectively. The May
2010 cruise occurred during the early weeks of the Deepwater
Horizon oil disaster, which began in late April and affected
most of the study area. Details of sites visited on each cruise
are given in Table 1. One site (CT2) was selected as a
Bcontrol^ and is located east of the Mississippi River delta,
where widespread hypoxia is not expected (but see Brunner
et al. 2006). Other sites were located offshore from the
Atchafalaya River discharge (F5), at the mouth of the
Mississippi River (MRM), and within the area commonly af-
fected by hypoxia (C6 and B7).

Depth profiles of temperature, salinity, and dissolved oxy-
gen (DO) were obtained from a Seabird 911 CTD system
aboard the vessel. Bottom-water (1 m above SWI) samples
were collected using 20-L Go-Flo bottles attached to the
CTD. Samples for ambient nutrient analyses were filtered im-
mediately upon arrival on deck (or upon collection for sedi-
ment core incubations; 0.2-μm GE/Osmonics Nylon syringe
filters) and frozen for analysis at the University of Texas
Marine Science Institute (UTMSI). Ammonium concentration
(and isotope ratio) was measured by aqueous NH4

+ isotope
retention time shift high-performance liquid chromatography
(AIRTS-HPLC; Gardner et al. 1995). NO3

−, NO2
−, and o-

PO4
3− concentrations for filtered ambient and core incubation

samples were determined using an automated, colorimetric
Lachat Quikchem 8000 flow injection analysis system.

Intact sediment cores (7.6 cm ID, 15–20-cm depth) and
overlying water were collected with the HYPOX corer
(Gardner et al. 2009) and sealed immediately with a vinyl
cap and electrical tape. Cores were then installed quickly into
a continuous-flow system (Gardner and McCarthy 2009;
Lavrentyev et al. 2000), which was modified by replacing
the inflow reservoir with a Tedlar bag (15 L) to prevent atmo-
spheric contact (McCarthy et al. 2013). The inflow bags were
filled with bottom water (1 m above SWI) using tubing at-
tached to the bottom spigot of the Go-Flo bottles. Startingwith
the Sept 2008 cruise, additional modifications involved re-
placing Tygon peristaltic pump tubing with gas-impermeable
Viton tubing and replacing Teflon inflow and outflow tubing
with gas-impermeable PEEK tubing. Dissolved O2 data from
July 2008 core incubations were discarded due to atmospheric
O2 contamination through the Teflon tubing. For each incuba-
tion, duplicate cores were attached to a single Tedlar bag with
(1) no enrichment (C cores), (2) ~5 μM 15NH4

+ (A cores), or
(3) ~50 μM 15NO3

− (N cores). Isotope enrichments represent
approximate final concentrations of 15NH4Cl for A cores and
Na15NO3 for N cores (Sigma-Aldrich, 98+ % 15N). Bottom
water was pumped into the core overlying water (volume
225 mL) at 1.2 mL min−1 using a Rainin RP-1 peristaltic
pump (overlying water residence time≈3.13 h). The cores
were pre-incubated with flow for at least 18 h before sampling
once daily for 3 days. Inflow and outflow samples were col-
lected nearly simultaneously, and all fluxes (μmol m−2 h−1)
were calculated as (Co−Ci) x f/a, where Co is the outflow
concentration (μM), Ci is the inflow concentration, f is the
flow rate, and a is the sediment surface area (0.0045 m2). To
facilitate comparison with nutrient fluxes, all dinitrogen fluxes
were converted to μmol N m−2 h−1.

Samples were collected from the inflow bags by attaching a
60-mL syringe to the bag valve. Outflow samples for nutrients
were collected using a syringe with canula extending to the

Fig. 1 Map of sites in the
northern Gulf of Mexico sampled
from July 2008 to May 2011
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bottom of a 100-mL plastic beaker collecting the outflow and
filtered immediately (0.2-μm GE/Osmonics Nylon syringe
filter) into duplicate 14-mL snap-cap tubes (Falcon) for
NO3

−, NO2
−, and o-PO4

3− and an 8-mL glass Wheaton
vial for NH4

+. Inflow samples for dissolved gases were
transferred from the syringe to custom 15-mL ground-
glass-stoppered test tubes (Chemglass) and allowed to
overflow for the entire volume of the syringe. These vials
have a very small surface area/volume (approximately
0.07 cm2 mL−1) to minimize atmospheric contamination
during sampling and analysis. Outflow samples were col-
lected by placing the outflow PEEK tubing line to the
bottom of the test tubes and allowing overflow for at least
30 min. Dissolved gas samples were preserved immediate-
ly with 200 μL 50 % ZnCl2, capped, and stored sub-
merged in a 4-L Nalgene bottle until analysis.

Dissolved gases were analyzed at UTMSI using membrane
inlet mass spectrometry (MIMS; Kana et al. 1994) modified
for isotope enrichment studies (An et al. 2001). Dissolved gas
samples were analyzed within 4 days for O2/Ar (for SOC
estimates), 28N2/Ar,

29N2, and
30N2. Monitoring mass 30 in

unamended samples allowed evaluation of the O2 effect on N2

(Eyre et al. 2002; Kana and Weiss 2004). The MIMS at

UTMSI is not affected by this issue, and no corrections were
needed to account for N2 scavenging at low DO. Unamended
(C) cores were used to determine SOC, net nutrient fluxes, and
net 28N2 flux. Possible anammox, as 29N2 production from
15NH4

+ (Rysgaard et al. 2004), was determined from BA^
cores. Potential DNRA (as 15NH4

+ production from 15NO3
−

enrichment; An and Gardner 2002), N fixation occurring si-
multaneously with denitrification (calculated using isotope
pairing and measured 28, 29, 30N2 fluxes, as described in An
et al. (2001)), and potential denitrification (DNF; 28+29+30N2

production plus any N fixation; Gardner and McCarthy 2009)
were measured in BN^ cores.

Significant relationships between ambient conditions
and measured rates were evaluated using linear regression
where appropriate. Significant differences between seasons,
sampling sites, and treatments were determined using one-
way analysis of variance (ANOVA). A repeated measures
approach is not suitable for our data because of the inher-
ent time (months between cruises) and space (e.g., vast-
ness of the sampling area relative to core size, vessel
movement once on station, and currents) differences be-
tween sampling events. Relationships and differences were
considered significant at p≤0.05.

Table 1 Ambient bottom-water (1 m above sediment surface) conditions at sites sampled on cruises in the northern Gulf of Mexico

Site ID Cruise Latitude Longitude Depth Temp Sal DO
(m) (°C) (mg L−1)

C6 Jul 2008 28.8805 N 90.4515 W 17.3 25.8 34.1 0.02a

Sept 2008 28.8568 N 90.4632 W 17.8 26.9 33.4 4.66

Jan 2009 28.8628 N 90.4900 W 17.1 17.4 35.2 4.32

Aug 2009 28.8682 N 90.4887 W 17.6 24.8 36.0 0.11a

May 2010 28.8640 N 90.4930 W 18.0 24.4 34.1 1.62a

May 2011 28.8587 N 90.4545 W 19.0 21.8 35.5 0.15a

B7 Jul 2008 28.7565 N 90.1810 W 32.2 20.6 36.5 2.88

Jan 2009 28.9818 N 90.0637 W 21.5 16.4 36.0 5.00

CT2 Jul 2008 29.5160 N 88.6465 W 28.4 20.6 36.5 3.64

Sept 2008 29.5170 N 88.6530 W 26.2 27.6 35.0 5.45

Jan 2009 29.5233 N 88.6532 W 25.3 17.7 35.9 5.36

Aug 2009 29.5162 N 88.6497 W 27.4 22.2 36.4 4.52

May 2010 29.5157 N 88.6530 W 28.0 18.8 35.7 0.87a

May 2011 29.3612 N 88.8330 W 32.0 19.5 36.2 4.73

F5 Sept 2008 28.6933 N 91.6167 W 27.9 26.7 34.8 6.09

Jan 2009 28.6785 N 91.6292 W 29.7 18.7 34.7 6.96

Aug 2009 28.6833 N 91.6000 W 28.1 23.7 36.2 3.30

May 2010 28.6932 N 91.6150 W 29.0 20.1 36.0 1.89a

May 2011 28.6943 N 91.6200 W 29.0 23.5 36.0 5.39

MRM Aug 2009 28.9333 N 89.4333 W 8.3 28.1 33.5 0.29a

May 2010 28.9312 N 89.4352 W 4.6 24.6 31.3 0.91a

Temp temperature, Sal salinity, DO dissolved oxygen
a Bottom-water hypoxia (DO <2 mg L−1 )
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Results

Ambient Conditions

Physicochemical characteristics of bottomwater, also reported
elsewhere (McCarthy et al. 2013), are summarized in Table 1.
Bottom-water hypoxia (DO <2 mg L−1) occurred on several
occasions at C6 and MRM. Hypoxia was not present at any
site in Sept 2008, within 3 weeks of 2 hurricanes passing over
the study area, or during winter in Jan 2009. Hypoxia was
observed in May 2010 (during the Deepwater Horizon oil
spill) at F5, located furthest west, and the control site (CT2)
east of the delta—the only time hypoxia was observed at these
sites.

Nutrient concentrations varied in the bottom layer
(Table 2), but o-PO4

3− and NO3
− concentrations were related

to bottom-water DO with negative slopes (Table 3). Bottom-
water dissolved inorganic N (DIN=NO3

−+NO2
−+NH4

+)
concentrations averaged 7.73±1.21 μM, composed primarily
(81±6 %) of oxidized N forms (NO3

−+NO2
−=NOx). The

molar DIN/PO4 ranged from 1.85 in July 2008 at C6 to 154
in Aug 2009 at CT2, with a median of 14.1 (mean=21.4±
7.23; Redfield ratio=16). Bottom-water NH4

+ concentrations
correlated with bottom-water salinity (Table 3) and were

significantly lower (p<0.05) in Sept 2008 versus other
cruises. No other significant differences were observed among
the sites and cruises for other nutrients.

SWI Nutrient Fluxes

Sediments were an NH4
+ source (mean=77.4±14.6; n=21; C

cores; all rates in μmol N m−2 h−1) to overlying water at all
times and stations except C6 in Sept 2008 (Table 4). Net NH4

+

fluxes correlated strongly with bottom-water DO (negative
slope; p<0.001; Fig. 2a) and SOC (positive slope; p=
0.001), along with weaker positive relationships (p<0.05)
with o-PO4

3− and NH4
+ concentrations (Table 3). Net NH4

+

efflux was significantly higher at C6 versus F5 and in May
2010 versus Sept 2008 and Jan 2009. No other significant
differences in NH4

+ fluxes were observed between sites or
cruises. At CT2, mean NH4

+ flux in C cores (62.6±19.7)
was significantly higher than in A cores (−19.6±42.9). In
July and Sept 2008, 15NH4

+ addition reversed net NH4
+ ef-

fluxes in C cores to net uptake by sediments in A cores
(p<0.05) at all sites (and acceleration of net uptake at C6 in
Sept 2008; Table 4 and Supplementary Table S1). Other
cruises did not have consistent responses to 15NH4

+ addition.
Overall, sediments were a net NO3

− sink (overall mean=
−25.0±9.95 μmol N m−2 h−1; n=21; C cores; Table 4), but
variability was high. Net NO3

− fluxes were related to bottom-
water NO3

− (negative slope) and DO (positive slope) concen-
trations (Table 3). No spatially significant differences in net
NO3

− fluxes were observed, but mean NO3
− uptake in May

2010 differed (p<0.05) from NO3
− efflux in Jan 2009.

Addition of 15NH4
+ often caused a significant positive change

(p<0.05; Supplementary Table S1) in NO3
− flux (11 of 21

cases); i.e., a decrease in NO3
− uptake, an increase in NO3

−

efflux, or a reversal from uptake to efflux are all considered
positive changes). In most cases, 15NO3

− addition enhanced
NO3

− influxes (Supplementary Table S1).
On average, NO2

− was removed from overlying water (C
cores; mean=−1.59±1.53 μmol N m−2 h−1; n=21), but vari-
ability was high (Table 4), and net rates were low. Nitrite
fluxes in C cores were not related to physicochemical param-
eters or fluxes, except o-PO4

3− concentration (negative slope)
and flux (positive slope; Table 3). Addition of 15NH4

+ or
15NO3

− did not affect the overall mean NO2
− flux, but

15NH4
+ additions often enhanced sediment NO2

− uptake
(Supplementary Table S1). Conversely, NO2

− uptake reversed
to NO2

− efflux in A cores in Sept 2008 and Aug 2009 at F5
and Jan 2009 at CT2. The effects of 15NO3

− additions were
unidirectional, with enhanced NO2

− fluxes in several cases
(Supplementary Table S1).

Sediments in C cores often were a source of o-PO4
3− to

overlying water (mean=3.29±1.66 μmol P m−2 h−1; n=21),
but variability was again high. Sediments were a net P sink in
July and Sept 2008 and a P source at all other times (Table 4).

Table 2 Ambient nutrient concentrations (μM) in the bottom-water
layer (~1 m above the sediment surface) at sites sampled on cruises in
the northern Gulf of Mexico

Site ID Cruise PO4 NO3 NO2 NH4

C6 Jul 2008 3.62 0.78 0.75 5.17

Sept 2008 0.57 4.07 0.70 0.05

Jan 2009 0.24 2.86 0.83 1.12

Aug 2009 1.50 7.81 0.46 0.80

May 2010 0.32 1.87 0.01 6.09

May 2011 2.13 9.56 1.13 2.15

B7 Jul 2008 1.04 10.9 0.71 0.36

Jan 2009 0.50 7.91 1.03 0.93

CT2 Jul 2008 0.64 9.58 0.75 0.04

Sept 2008 0.13 0.71 0.71 0.01

Jan 2009 0.25 3.10 0.59 0.40

Aug 2009 0.05 3.14 4.10 0.48

May 2010 0.80 10.5 0.56 0.17

May 2011 1.21 2.91 0.57 0.24

F5 Sept 2008 0.24 0.81 0.70 0.03

Jan 2009 0.09 0.58 0.56 0.19

Aug 2009 0.05 2.43 0.46 0.32

May 2010 0.38 7.89 0.02 0.16

May 2011 0.72 0.61 0.50 3.63

MRM Aug 2009 1.42 7.96 1.89 0.69

May 2010 1.71 8.65 2.60 15.0

PO4 ortho-phosphate, NO3 nitrate, NO2 nitrite, NH4 ammonium
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Table 3 Linear regression p values for ambient bottom-water conditions, nutrient fluxes, and dissolved gas fluxes (n=21)

Sal PO4c NH4c NO3c NH4f NO2f NO3f SOC 28C 29A DNF 29A/DNF

Temp −0.03 0.32 0.32 0.16 0.26 0.51 0.56 0.95 0.57 0.40 0.69 0.61

DO 0.39 −0.004 −0.08 −0.009 −0.00003 0.21 0.01 −0.03 −0.01 −0.05 −0.04 0.51

Sal 0.40 −0.0003 0.98 0.20 0.75 0.65 0.26 0.43 0.47 0.98 0.70

PO4c 0.05 0.54 0.02 −0.003 0.13 0.23 0.71 0.10 0.23 0.72

NH4c 0.84 0.05 0.30 0.15 0.003 0.19 0.54 0.38 0.35

NO2c 0.59 0.28 0.58 0.77 0.87 0.74 0.18 0.83 0.10

NO3c 0.33 0.19 −0.0004 0.49 0.12 0.46 0.32 0.13

PO4f 0.07 0.01 0.95 0.06 0.009 0.14 0.002 −0.06
NH4f 0.41 0.42 0.001 0.006 0.02 0.008 0.80

NO2f 0.90 0.52 0.18 0.65 0.17 −0.09
NO3f 0.24 0.21 0.55 0.87 0.34

SOC 0.003 0.83 0.04 −0.06
28C 0.44 0.002 −0.02
29A 0.005 0.35

DNF −0.006

See Tables 1 and 2 for abbreviations. Negative values indicate negative regression slopes for significant and near-significant relationships. Due to column
space limitations, we have removed the columns BDO,^ BNO2c,^ and BPO4f,^ none of which contained values <0.20

c concentration, f flux, SOC sediment oxygen consumption, 28C net 28 N2 flux in unamended cores, 29A net 29 N2 flux in cores with 15NH4
+

amendments (i.e., possible anammox),DNF potential denitrification (28+29+30 N2 production plus N fixation, if any) in cores with 15NO3
− amendments

Table 4 Sediment-water interface nutrient fluxes (μmolN or Pm−2 h−1) in unamended (i.e., Bcontrol^) cores from sites sampled in the northernGulf of
Mexico

Site ID Cruise PO4 SE NO3 SE NO2 SE NH4 SE

C6 Jul 2008 −14.7 3.86 −30.5 7.97 −31.4 7.15 152 90.1

Sept 2008 −5.44 1.16 −30.9 11.7 0.04 0.27 −4.65 2.94

Jan 2009 0.59 0.07 31.2 2.88 −1.78 0.35 52.7 13.0

Aug 2009 7.74 4.27 −49.6 11.8 1.18 0.37 156 20.2

May 2010 9.19 2.75 −7.06 1.80 −2.99 1.09 203 37.6

May 2011 17.0 3.36 −48.5 15.4 −0.07 0.16 141 7.57

B7 Jul 2008 −5.85 2.47 −149 26.3 −0.77 0.44 39.6 16.9

Jan 2009 2.20 0.76 8.27 9.58 −0.98 0.89 49.3 2.49

CT Jul 2008 0.01 0.74 −27.1 12.4 1.05 0.15 7.14 4.64

Sept 2008 −0.09 0.32 7.50 4.59 −0.003 0.42 31.8 13.9

Jan 2009 1.08 0.39 15.2 3.42 −0.80 0.46 19.0 2.93

Aug 2009 4.24 0.85 −2.42 5.06 0.44 0.38 103 18.8

May 2010 12.4 2.19 −103 12.6 −1.00 0.29 101 23.0

May 2011 19.2 4.42 −0.04 6.18 0.28 0.33 114 28.5

F5 Sept 2008 −1.23 0.30 0.28 0.93 −0.71 0.45 2.26 1.34

Jan 2009 0.67 0.13 1.67 0.53 0.24 0.31 3.23 1.95

Aug 2009 1.49 0.08 9.04 3.38 −1.14 0.18 23.5 6.04

May 2010 2.47 0.82 −39.6 13.4 −0.98 0.85 55.6 6.88

May 2011 6.77 4.18 −0.54 1.97 0.47 0.36 35.6 31.5

MRM Aug 2009 6.88 1.20 −3.75 6.81 5.39 1.67 205 18.8

May 2010 4.63 2.61 −107 17.8 0.09 1.31 136 12.0

All values are given to three significant figures. Positive values indicate flux from sediments to overlying water and vice versa

PO4 ortho-phosphate, NO3 nitrate, NO2 nitrite, NH4 ammonium, SE standard error of rates measured in duplicate cores sampled daily for 3 days (n=6)
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Sediments were a consistent P source at CT2, F5, and MRM,
but C6 and B7 exhibited both P uptake and efflux at different
times. P flux was not related to water column DO or o-PO4

3−

concentrations, but a weak positive relationship occurred be-
tween P flux and SOC (p=0.06; Table 4). P efflux was higher
in May 2011 (mean=14.3±3.82 μmol P m−2 h−1; p<0.05)
than all other cruises except May 2010 (mean=7.17±
2.24 μmol P m−2 h−1; p=0.14).

Sediment Oxygen Consumption (SOC) and net 28N2

Fluxes

SOC in C cores, reported in detail elsewhere (all rates
in μmol O2 m−2 h−1; McCarthy et al. 2013), ranged
from 408 to 1800 (mean=834±83.8). The lowest SOC
occurred in Sept 2008, and the highest SOC occurred at
lowest DO (McCarthy et al. 2013). No significant dif-
ferences in SOC were observed between sampling sites.

SOC was related positively to NH4
+ concentration,

NH4
+ flux, and 28N2 efflux in C cores (p<0.005) as

well as potential denitrification (DNF) in N cores
(p<0.05; Table 3). SOC was enhanced in A cores rela-
tive to C cores (942±111 vs. 795±91.6, respectively) at
sites visited most often (CT2, C6, and F5; n=5 for each
site), but this difference was not statistically robust.
Addition of 15NO3

− did not affect SOC in a consistent
way.

Net 28N2 fluxes in C cores were generally positive
(i.e., denitrification>N fixation; mean=129±36.3; rates
in μmol N m−2 h−1; n=21), but negative net 28N2

fluxes occurred in July 2008 at C6 and Jan 2009 at
F5 (Fig. 3). Net 28N2 fluxes by station (Fig. 3) ranged
from 44.4±51.1 at F5 (n=5) to 258±29.2 at MRM (n=
2), but spatial and between-cruise differences were not
significant. Net 28N2 fluxes by cruise also were not
different. Net 28N2 fluxes related negatively to DO

Fig. 2 Net NH4
+ (a) and 28N2 (b)

fluxes relative to bottom-water
dissolved oxygen concentration
(DO; mg L−1) in unamended (C)
cores. Note that the July 2008
data point at C6, where net N
fixation was observed, is shown
in panel (b) as an open circle
(DO=0.02 mg L−1, net 28N2

flux=−96.6 μmol N m−2 h−1) and
is not included in the regression
line

Estuaries and Coasts (2015) 38:2279–2294 2285



(Fig. 2b) and positively to o-PO4
3− and NH4

+ fluxes
and SOC (p<0.01; Table 3). Isotope additions generally
did not cause significant changes in net 28N2 fluxes
versus C cores.

Effects of 15N additions on Isotopic N2 Fluxes

Potential DNRA, as 15NH4
+ production from 15NO3

− addition
to inflowing water, was observed in 38 % of the incubations
(n=21), with potential rates ranging from 1.12±0.44 μmol N
m−2 h−1 at CT2 in May 2011 to 31.4±10.8 μmol N m−2 h−1 at
C6 inMay 2011 (Table 5). DNRAwas not observed at any site

in Sept 2008 or Aug 2009 and only at CT2 in Jan 2009.
Relative to C cores, significant potential DNRAwas observed
at CT2, C6, and F5 in May 2010. When observed, DNRA
accounted for 16.2±4.61 % of total NH4

+ efflux.
Addition of 15NO3

− (N cores; 15 of 21 incubations) and
15NH4

+ (A cores; 14 of 21) often stimulated N2 production
(i.e., potential DNF=28+ 29+30N2>net

28N2 flux in C cores).
Positive N fixation from isotope calculations in N cores were
added to 28+ 29+30N2 to adjust potential DNF. On average,

29N2

production was higher than that of 30N2 in both N (mean
29:30=1.13±0.09) and A (mean 29:30=4.76±0.54) cores.
Mean 29N2 and

30N2 productions in A cores (14.8±2.09 and
4.69±1.03 μmol N m−2 h−1, respectively) were lower (p<0.05;
n=21) than in N cores (31.6±3.40 and 31.5±4.23 μmol N
m−2 h−1, respectively; Figs. 4 and 5). The proportion of total
N2 production from 15N additions versus ambient 14N (15:14)
was higher (p<0.05; n=21) in N cores (0.84±0.19) than in A
cores (0.24±0.07) at all sites and on all cruises.

Possible anammox, as significant net 29N2 production in A
cores (vs. C cores; p<0.05; all rates in μmol N m−2 h−1),
occurred in all cores and ranged from 4.28±1.04 at C6 in
May 2010 to 42.8±15.5 at MRM in Aug 2009. Mean 29N2

production in A cores ranged from 8.89±1.94 at B7 (n=2) to
25.2±17.6 at MRM (n=2), with no significant differences
between stations. Net 29N2 fluxes in A cores were related
negatively to DO (p=0.05) and positively to NH4

+ flux
(p<0.05; Table 3). Possible anammox was 1.7–29.1 % of
potential DNF, as defined above, with generally lower propor-
tions in May 2010 and 2011 (Fig. 6).

Calculated N fixation co-occurring with denitrification (An
et al. 2001) was observed at all sites except MRM and all
cruises except May (Table 6). Calculated N fixation rates

Fig. 3 Net 28N2 flux (μmol N
m−2 h−1) in unamended (C) cores.
Note that sediment cores from B7
were incubated only in July 2008
and January 2009, and cores from
MRM were incubated only in
August 2009 and May 2010.
Error bars represent 1 standard
error

Table 5 Potential DNRA rates (μmol N m−2 h−1), as 15NH4
+

production from 15NO3
− addition to inflowing water (N cores)

Cruise Station DNRA SE Percent

Jul 2008 CT2 3.07 1.57 43.0

B7 5.88 1.37 14.9

Jan 2009 CT2 4.14 1.81 21.8

May 2010 CT2 6.47 2.71 6.41

C6 18.1 7.34 8.92

F5 6.38 0.51 11.5

May 2011 CT2 1.12 0.44 0.98

C6 31.4 10.8 22.3

SE=standard error of rates measured in duplicate cores sampled daily for
3 days (n=6). All values are given to three significant figures. Percent=
the proportion of total NH4

+ efflux comprised of potential DNRA. Note
that significant 15NH4

+ production was not observed in all cases. Rates
are only shown for cases where measured 15 NH4

+ production in N cores
was significantly (p<0.05) higher than in C cores
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exceeded potential DNF in N cores two times (C6 in July
2008 and F5 in Jan 2009).

Discussion

Nitrogen Removal in the NGOMEX

Nitrogen removal from aquatic systems, via denitrification
and other mechanisms (e.g., anammox), can help mitigate
eutrophication from excess N loading (e.g., Seitzinger
1988). However, DNRA and N fixation could support addi-
tional production and exacerbate hypoxia (Gardner et al.

2006). The ecosystem services provided by denitrification as
a sink for bioreactive N have been monetized for other
coastal systems (Piehler and Smyth 2011), with Bvalues^
of N removal via denitrification ranging from US$100,000
to 750,000 km−2 year−1, depending on the type of habitat.
In the NGOMEX, the extent of bottom-water hypoxia in
mid-summer relates to NO3

− discharged by the Mississippi
and Atchafalaya Rivers in the previous 2 months (Turner
et al. 2006). Therefore, the potential importance of deni-
trification (and anammox) as an ecosystem service is sub-
stantial for the NGOMEX. To our knowledge, no previous
studies have evaluated anammox, N fixation, or DNRA in
these sediments.

Fig. 4 Net 28, 29, and 30N2 fluxes
averaged by sampling station in
cores amended with (a) 15NH4

+

(A cores) and (b) 15NO3
− (N

cores). Error bars represent 1
standard error. Note that n=6 for
stations C6 and CT2, n=5 for F5,
and n=2 for B7 and MRM
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Denitrification rate measurements are limited for this
area and involve several different methodologies
(Table 7). Despite the methodological, temporal, and
spatial differences, denitrification estimates are similar
for the NGOMEX, but the range of reported rate mini-
ma and maxima varies considerably. Our denitrification
rates have the largest range and include the lowest min-
imum and highest maximum rates (Table 7). However,
our study also incorporated the largest seasonal compo-
nent; it is the only study to include the November
through February period (Jan 2009). The passage of
two hurricanes and the Deepwater Horizon oil spill rep-
resent additional sources of variability.

Our techniques provide a Bbest estimate^ for in situ
denitrification by adding calculated N fixation (if any)
to net 28N2 flux in C cores. Our median denitrification
estimate (88.1 μmol N m−2 h−1), which includes any
anammox, is within the ranges from most other studies
(Table 7). Scaled to the Louisiana-upper Texas continen-
tal shelf, within the 100-m isobath and using an eastern
boundary of Mobile Bay (area=94,560 km2; Justić and
Wang 2013), annual denitrification is 1.023×106 metric
tons of N per year. The 5-year (2007–2011) average
annual N load from the Mississippi River watershed is
1.500×106 metric tons of N per year, which is similar
to the 1980–1996 average N load (USGS; http://water.

Fig. 5 Net 28, 29, and 30N2 fluxes
averaged by cruise in cores
amended with (a) 15NH4

+ (A
cores) and (b) 15NO3

− (N cores).
Error bars represent 1 standard
error. Note that three stations were
sampled (n=3) in July and
September 2008 and May 2011,
and four stations (n=4) were
sampled in January and August
2009 and May 2010
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usgs.gov/nasqan/nitrogen_phosphorus_gulf.html). Using
these data, we estimate that denitrification removes
approximately 68 % of the annual N load from the
Mississippi River watershed. Using the smaller shelf
area estimate of Kim and Min (2013; 32,400 km2),
which is confined to west of the river delta, our
median denitrification rate accounts for 23 % of the
Mississippi/Atchafalaya N load. Another recent study
used a shelf area of 65,910 km2 and estimated that
denitrification removes 39 % of the N load (Lehrter
et al. 2012). Our denitrification rate and the shelf area
estimate from Lehrter et al. (2012) gives a similar N
removal estimate of 47 %. The N load value is likely
an under-estimate, since N load from other river sys-
tems affecting the area was not included (e.g., the

Mobile River system; Harned et al. 2004). Likewise,
our denitrification estimates are not ideal, since only
rates from January were measured within the October
through April period.

A previous study using acetylene inhibition in the
NGOMEX found significantly lower denitrification rates at
DO <1 mg L−1 (Childs et al. 2002). In contrast, our results
showed a significant negative relationship between bottom-
water DO and net 28N2 flux (Fig. 2b), with the highest single
rate measurement (492 μmol N m−2 h−1; C6 in Aug 2009;
Fig. 3) occurring at 0.11 mg L−1 DO. Interestingly, net N
fixation (−96.6 μmol N m−2 h−1) and high sediment NH4

+

efflux were associated with the lowest DO concentration
(0.02 mg L−1; C6 in July 2008) (Table 4; Fig. 2a). Exclusion
of this data point results in a stronger negative relationship
between DO and net 28N2 flux (Fig. 2b). One problem with
acetylene inhibition is that nitrification also is blocked
(Steingruber et al. 2001), and nitrifiers remain active at very
low DO (e.g., Carlucci and McNally 1969). In May 2010 (all
sites hypoxic), we evaluated bottom-water (<1 m) denitrifica-
tion in gastight bags and found significant N2 production at B7
only in the layer immediately above the SWI (<1 cm; 2.92±
0.03 nmol N L−1 day−1; see BMethods^ in Supplementary
Material). The lack of denitrification in overlying water sup-
ports the idea that sediment denitrification remained coupled
to nitrification during hypoxia. In our incubations, N2 pro-
duced from ambient 14N was usually higher than from 15N,
especially in A cores, suggesting that coupled nitrification-
denitrification was also coupled to organic matter decomposi-
tion. Strong positive relationships between SOC and net 28N2

flux and potential DNF (Table 3) support this interpretation,
and the highest SOC also occurred at the lowest DO

Fig. 6 Proportion of possible
anammox (as 29N2 production in
cores amended with 15NH4

+; A
cores) relative to potential DNF
(as 28+29+30N2 production plus N
fixation, if any, in cores amended
with 15NO3

−; N cores). Error bars
represent 1 standard error

Table 6 Nitrogen fixation rates (NF; μmol N m−2 h−1) calculated using
isotope equations (An et al. 2001) in N cores

Cruise Station NF SE

Jul 2008 CT2 3.07 106

C6 121 46.7

B7 31.5 22.5

Sept 2008 CT2 −14.1 15.1

C6 36.1 11.9

Jan 2009 F5 147 39.5

Aug 2009 CT2 −3.49 4.82

F5 31.8 31.8

SE=standard error of rates measured in duplicate cores sampled daily for
3 days (n=6). All values are given to three significant figures. Rates are
only shown for cases where a positive value for NF was obtained at any
point during the 3-day incubation
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(McCarthy et al. 2013). Together, these results show that sed-
iment denitrification remains a significant N sink when the
bottom-water becomes hypoxic.

Anammox, DNRA, and N Fixation

Potential anammox relative to total N removal in coastal sys-
tems is generally low, with denitrification the dominant N
removal pathway (Dalsgaard et al. 2005; Dong et al. 2011).
Our results support these observations, but the isotope method
used here cannot confirm anammox. 29N2 production from
15NH4

+ and 15NO3
− may be due to anammox, but other com-

binations of nitrification, denitrification, and DNRA also can
explain 29N2 production. For example, one 15NO3

− generated
via nitrification of added 15NH4

+ combined with one 14NO3
−

would produce 29N2 via denitrification. Our incubations do
not exclude nitrification or select for a specific pathway. We
used a functional gene microarray to evaluate denitrification
and anammox nirS at stations CT2 and C6 (see BMethods^ in
Supplementary Material). Anammox nirS from Kuenenia
stuttgartiensis (Supplementary Fig. S1) was confirmed at both
sites from all cruises except August 2009 (not detected at CT2,
no sample from C6). Anammox nirS accounted for
0.10 % or less of total nirS at C6 and up to 0.83 % at
CT2 (Supplementary Fig. S1), but K. stuttgartiensis often
is not the most abundant anammox organism in estuarine
sediments (Hou et al. 2013). The microarray confirmed
anammox nirS but cannot confirm activity, and only one
anammox organism was represented. Therefore, anammox
nirS was perhaps underestimated. However, the anammox
estimate in A cores, if it is actually anammox, is a poten-
tial rate, since one of the substrates was provided.

DNRA dominates benthic NO3
− reduction in some coastal

systems (e.g., Dong et al. 2011; Gardner and McCarthy 2009)
but is unimportant in others (e.g., Hou et al. 2012). DNRAwas
suggested as a potentially important mechanism in the
NGOMEX when bottom-water DO was <1 mg L−1 and

NH4
+ accumulated in overlying water (Childs et al. 2002).

We observed potential DNRA in eight of 21 incubations, four
occurring at CT2 (Table 6). The highest potential DNRA rates,
however, were observed in May 2010 at C6, CT2, and F5 and
2011 at C6, whenDOwas 1–2mg L−1. Bottom-water DOwas
<1 mg L−1 on four occasions, but DNRAwas not observed at
these times. Thus, our data do not support our second hypoth-
esis, proposed by Childs et al. (2002), that DNRA competes
more effectively for NO3

− at low DO. These potential rates
reflect the presence and relative magnitude of DNRA but
do not necessarily represent actual rates. While potential
DNRA rates may be enhanced by 15NO3

−, they are also
underestimated because they do not include DNRA from
unlabeled NO3

− or produced 15NH4
+ lost to adsorption

onto particles via cation exchange mechanisms (Gardner
and Seitzinger 1991). The relative magnitudes of these
processes vary temporally and spatially (Gardner and
McCarthy 2009). Thus, potential DNRA rates reported
here are relative rather than absolute rates.

Fermentative DNRA may be more important in NO3
−-lim-

ited, carbon-rich sediments (Burgin and Hamilton 2007).
When observed, DNRA occurred at relatively high bottom-
water NO3

− concentrations for this study, ranging from 1.87 to
10.9 μM. This observation supports work in Australia, where
low NO3

− inhibited DNRA during hypoxia (Roberts et al.
2012). DNRA is often associated with sulfur cycling (e.g.,
Brunet and Garcia-Gil 1996), and H2S was observed in a
parallel microelectrode study in May 2010 (K.S. McNeal,
unpublished data). DNRA rates, when observed, were low
relative to denitrification (DNRA/DNF=0.01–0.46) and
accounted for 1–43 % of total sediment NH4

+ efflux
(Table 5). DNRA was not a dominant NO3

− reduction path-
way, but its significance for N recycling should be considered
in ecosystem models, particularly where NH4

+ limits micro-
bial activity (Lin et al. 2011).

In most cases, calculated N fixation occurring simulta-
neously with denitrification (An et al. 2001) was not evident

Table 7 Denitrification estimates
(DNF; in μmol N m−2 h−1) from
the northern Gulf of Mexico shelf
zone

Citation DNF range Depth range Seasons Method

Gardner et al. (1993) 21–44 25–106 July Stoichiometric

Childs et al. (2002) 40–108 <80 July Acetylene Block

Childs et al. (2002) erratum 149–406 <80 July Acetylene Block

Delaune et al. (2005) 45–149 20 August Acetylene Block

Fennel et al. (2009) 13–196 12–17 October ICCF/MIMS

Lehrter et al. (2012) 38–117 8–22 March–Sept ICSI/MIMS

Kim and Min (2013) 7–42 <80 July Model

Present study 2–492 5–32 Jan–Sept ICCF/MIMS

Depth is given inmeters. For the present study, DNF = net N2 flux in control cores + N fixation in +15NO3
− cores

(if any), which represents the best estimate of denitrification (median=88.1 μmol N m−2 h−1 )

ICCF intact core continuous-flow incubations, ICSI intact core static incubations, MIMS membrane inlet mass
spectrometry

2290 Estuaries and Coasts (2015) 38:2279–2294



(Table 6). However, calculated N fixation exceeded denitrifi-
cation two times. Bottom-water DIN concentrations were
>1.3 μM at both C6 in July 2008 and F5 in Jan 2009, DO
conditions were hypoxic and normoxic, respectively, and
NH4

+ effluxed in both cases. Thus, there is no obvious expla-
nation for N fixation exceeding denitrification at these times.
We did not measure N fixation directly or evaluate the genetic
basis (nifH), which provides an opportunity for future studies
to evaluate sediment N fixation in the NGOMEX. As noted,
H2S was present in May 2010, and sulfate reduction has been
observed in this area (Lin and Morse 1991). Many sulfate
reducers can fix N, which may be enhanced by bioturba-
tion (Bertics et al. 2010). Therefore, N fixation in the
NGOMEX is not unexpected, regardless of bottom-water
oxygen conditions. More direct approaches for evaluating
N fixation, such as 30N2 uptake and nifH quantification,
would enhance the value of our isotope methods in future
studies.

Effects of Isotope Additions on SWI Nutrient Fluxes

Nitrite is an intermediate product of nitrification, denitrifica-
tion, and DNRA, while anammox combines NO2

− with NH4
+

to form N2 (Burgin and Hamilton 2007). Tracking NO2
−

fluxes with and without isotope additions may provide in-
sights into the N transformation pathways. For example, in-
creased NO2

− flux in N versus C cores may indicate incom-
plete denitrification or DNRA (Gardner and McCarthy 2009).
Comparing the SWI fluxes in Table 4 and Supplementary
Table S1, 15NO3

− addition stimulated net NO2
− efflux in most

cases. Sulfide can inhibit the final step (N2O→N2) of denitri-
fication (Sørensen et al. 1980), which may cause N2O efflux
from sediments and underestimation of denitrification by N2-
based methods. However, N2O fluxes in our Jan and Aug
2009 incubations were low relative to N2 (mean N2O/N2=
0.002±0.001; n=8; H.M. Baulch, unpublished data), and this
ratio does not distinguish between N2O from denitrification
versus nitrification. The lability and C/N of organic matter
also affects NO2

− reduction during denitrification in wastewa-
ter treatment, often leading to NO2

− accumulation (e.g., Sun
et al. 2009). Thus, organic matter quality and quantity may be
an alternative explanation for incomplete denitrification/
DNRA than sulfide inhibition in this case, since N2O produc-
tion was minimal. If denitrification is not completed to N2,
released NO2

− could instead fuel additional production and
subsequent hypoxia, representing another mechanism where
high N loads can impair the system.

Addition of 15NH4
+ stimulated NO2

− efflux in seven incu-
bations (suggesting nitrification), while NO2

− uptake (possi-
bly suggesting anammox) was stimulated in seven others
(Table 4 and Supplementary Table S1). Increased NO2

− flux
in A cores suggests that the first step of nitrification was
NH4

+-limited, in agreement with previous studies showing

apparent NH4
+ limitation in the NGOMEX (Lin et al. 2011).

The second nitrification step, however, may be inhibited by
sulfide (Ortiz et al. 2013). Incomplete nitrification, combined
with 15NH4

+, may have enhanced anammox, as in the seven
cases where NO2

− uptake was stimulated in A cores. The
proportion of possible anammox to total N2 production
(29A/DNF) was higher (ANOVA; p=0.03) when NO2

− up-
take was stimulated (mean=12±1.5 %) versus when NO2

−

efflux was stimulated (mean=7.4±1.2 %). Despite the low
abundance of anammox nirS (from one organism), anammox
may be a significant N sink in the NGOMEX, but denitrifica-
tion is likely the dominant pathway.

Do the Results Support Our Hypotheses?

We hypothesized that microbial N sinks are inhibited during
hypoxia due to lower nitrification rates (Childs et al. 2002).
On the contrary, actual and potential denitrification (DNF,
including possible anammox) was enhanced at low DO
(Table 3 and Fig. 2b), despite evidence of sulfide inhibition
of nitrification. The strong negative relationship between
NH4

+ flux and DO (Fig. 2a), and the positive relationship
between NO3

− flux and DO (Table 3) support this finding.
The positive relationship between SOC and denitrification,
as both potential and net 28N2 flux (Table 3), suggests that
organic matter degradation and redox conditions help regulate
the denitrification rate. Possible anammox was not related to
any nutrient concentrations or fluxes except for a positive
relationship with NH4

+ flux. Despite its apparently limited
role, anammox warrants consideration in ecosystem models
for the NGOMEX due to its effects on net heterotrophy/
autotrophy (Koeve and Kähler 2010). However, anammox
activity in the NGOMEX should be confirmed using genetic
approaches.

Second, we hypothesized that DNRA is enhanced during
hypoxia. The highest potential DNRA rates were observed
during hypoxia (Table 5), but this pattern was not predictable
using DO. Significant DNRA was not usually observed, and
when it was, the DO was as likely to be >2 mg L−1 as <2 mg
L−1 (Table 5). However, DNRA rates accounted for a signif-
icant proportion of total NH4

+ efflux, especially at C6.
Ammonium produced via DNRA can fuel additional produc-
tion and respiration via nitrification (Carini et al. 2010;
Gardner et al. 2006). Therefore, DNRA may exacerbate hyp-
oxia, while N sinks would be a beneficial NO3

− reduction
pathway (i.e., an ecosystem service). As for anammox, genetic
studies combined with isotopic tracers are needed to confirm
DNRA in these and other sediments.

Our final hypothesis was that heterotrophic N fixation in
sediments is not an important N source in the NGOMEX,
based on proximity to nutrient inputs from the Mississippi
River. Our results generally support this hypothesis, but N
fixation two times exceeded denitrification—once during
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hypoxia, and once during normoxia. Both instances occurred
in the presence of >1.4 μM DIN. These N fixation > denitri-
fication events also occurred during summer (July 2008) and
winter (Jan 2009), so temperature likely was not a factor.
Recent discoveries have linked N fixation to the sulfur cycle
(e.g., Bertics et al. 2010) and deep-sea, methane-oxidizing
archaea (Dekas et al. 2009). Sulfate reduction and sulfide have
both been observed in NGOMEX sediments, and the archaeal
community in the study area shifted during and after the
Deepwater Horizon oil spill (Newell et al. 2013). Our results
and the referenced studies, combined with method limitations
for quantifying N fixation, suggest that heterotrophic N fixa-
tion remains an unknown component of the N cycle in these
sediments, regardless of oxygen and nutrients.

Possible Effects of the Deepwater Horizon Oil Spill
and Hurricanes

Our May 2010 cruise coincided with the Deepwater Horizon
oil spill, which affected the study area beginning in late April
2010. A floating oil mousse was visible on the water surface at
stations CT2, C6, and MRM. All stations had hypoxia in May
2010; the only time hypoxia was observed at CT2 and F5
during our study. One response to the oil spill was freshwater
release to push oil away from shorelines (Rabalais 2011). As a
result, we observed low surface salinities at CT2 (~23) and
MRM (~8), which, combined with nutrient inputs and strati-
fication, likely contributed to hypoxia. No significant differ-
ences were observed in the SWI N transformation rates in
May 2010 versus other cruises. Thus, we have no evidence
that the oil spill influenced hypoxia or N transformations at the
SWI at our stations.

The NGOMEX was impacted by two hurricanes between
our July and Sept 2008 cruises. Hurricane Gustav affected the
study area from Aug 30 to Sept 1, making landfall just west of
the delta. Hurricane Ike traversed the study area over several
days before making landfall on Sept 13 at Galveston Island,
Texas. Our sampling began 5 days later, and the water column
at all sites was completely mixed. We measured lower SOC
after the hurricanes (McCarthy et al. 2013), and bottom-water
NH4

+ concentrations also were lower (Table 2). Combined,
these results suggest that organic matter decomposition was
inhibited after the hurricanes, also supported by the reversal of
SWI NH4

+ efflux to influx at C6. Possible anammox was
lower in Sept 2008 than in some other cruises, and no potential
DNRA was observed. Thus, the SWI N cycle may simplify
upon physical disturbance and sediment resuspension, which
has been linked to short-term increases in water column nutri-
ent concentrations and primary productivity (Fogel et al.
1999). Water column respiration rates also were highest in
Sept 2008 (McCarthy et al. 2013). Together, these results sug-
gest that hurricanes may have shifted benthic biogeochemical
processes into the pelagic realm. Other studies have evaluated

long-term and broad-scale impacts of hurricanes (e.g., Paerl
et al. 2001;Williams et al. 2008), but we are not aware of other
studies evaluating SWI N transformations so soon after storm
passage.

Summary

We describe a suite of N transformation rates and fluxes in the
NGOMEX hypoxic zone using continuous-flow incubations
of intact sediment cores. The advantages and limitations of
this technique are discussed elsewhere (McCarthy et al.
2013); briefly, these incubations maintain bottom-water (up
to 1 m above the SWI) oxygen conditions for several days.
This experimental duration allows use of isotope tracers,
which provide insights into important pathways.
Denitrification, mostly coupled to nitrification and organic
matter remineralization, is the dominant pathway, but
anammox may also contribute as an N sink. Denitrification
(including anammox) can remove 23–68% of the total N load
from the Mississippi/Atchafalaya Rivers, depending on the
shelf area used for extrapolation. In any case, denitrification/
anammox removes a substantial proportion of the total N load
to the shelf, providing a valuable ecosystem service. Our re-
sults do not support previous speculation that denitrification in
NGOMEX sediments is inhibited at low bottom-water DO.
DNRA and N fixation were observed, but neither were con-
sistent factors in the SWI N cycle. However, method limita-
tions inhibit our ability to constrain the importance of these
mechanisms, both of which may be related to sulfur cycling.
Additional studies using direct measurements and genetic ver-
ifications are needed, but these pathways should be incorpo-
rated into ecosystem models used to evaluate nutrient loading
and climate changes. We cannot attribute any patterns or
anomalous results to the Deepwater Horizon oil spill, but the
passage of two hurricanes resulted in an apparent relocation of
some benthic processes into the water column.
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