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Abstract

Potential rates of sediment denitriﬁcation, anaerobic ammonium oxidation (anammox), and
dissimilatory nitrate reduction to ammonium (DNRA) were mapped across the entire Niantic River Estuary,
CT, USA, at 100–200 m scale resolution consisting of 60 stations. On the estuary scale, denitriﬁcation
accounted for ~ 90% of the nitrogen reduction, followed by DNRA and anammox. However, the relative
importance of these reactions to each other was not evenly distributed through the estuary. A Nitrogen
Retention Index (NIRI) was calculated from the rate data (DNRA/(denitriﬁcation + anammox)) as a metric to
assess the relative amounts of reactive nitrogen being recycled versus retained in the sediments following
reduction. The distribution of rates and accompanying sediment geochemical analytes suggested variable
controls on speciﬁc reactions, and on the NIRI, depending on position in the estuary and that these controls
were linked to organic carbon abundance, organic carbon source, and pore water sulﬁde concentration.
The relationship between NIRI and organic carbon abundance was dependent on organic carbon source.
Sulﬁde proved the single best predictor of NIRI, accounting for 44% of its observed variance throughout
the whole estuary. We suggest that as a single metric, sulﬁde may have utility as a proxy for gauging
the distribution of denitriﬁcation, anammox, and DNRA.

1. Introduction
Estuarine denitriﬁcation and anaerobic ammonium oxidation (anammox) export reactive nitrogen from marine ecosystems back to the atmosphere, while dissimilatory nitrate/nitrite reduction to ammonium (DNRA)
conserves reactive nitrogen within the ecosystem. The magnitudes of these reduction pathways relative
to the N loading provide some biogeochemical constraints on ecosystems susceptibility and resilience
to excess nitrogen loading [Giblin et al., 2013]. Denitriﬁcation in estuarine systems can be the dominant
mechanism for nitrogen reduction, and therefore N removal [Cornwell et al., 1999; Seitzinger et al., 2006].
In carbon-rich environments denitriﬁcation rates are primarily controlled by NO3+2 availability which
can be delivered from adjacent watersheds or produced in situ from nitriﬁcation [Kana et al., 1998;
Nielsen et al., 1995]. In carbon-poor environments denitriﬁcation can be limited by organic carbon (OC)
quantity [Caffrey et al., 1993], and carbon quality provides an additional constraint on denitriﬁcation rates
regardless of total OC abundance [Fulweiler et al., 2007; Eyre and Ferguson, 2009; Tobias et al., 2001]. Sulfate
reduction can inﬂuence denitriﬁcation either by competing for electrons or through sulﬁde effects on
speciﬁc enzymes involved in the multistep denitriﬁcation pathway. The ﬁnal reduction step of denitriﬁcation
of N2O to N2 gas [Sørensen, 1987] can be inhibited by sulﬁde as can nitriﬁcation that would otherwise fuel
coupled nitriﬁcation denitriﬁcation [Joye and Hollibaugh, 1995].
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Unlike denitriﬁers, anammox bacteria use ammonium (NH4+) to reduce NO2 to yield N2 [Dalsgaard et al.,
2005]. There is no direct OC source of electrons required for the reduction, and there is no nitrous oxide intermediate during N2 production [Dalsgaard et al., 2005]. Anammox may account for 30–50% of the total N2
removal from the ocean nitrogen budget [Devol, 2003; Engström et al., 2009; Glud et al., 2009; Kuypers et al.,
2005]. Although typically low, potential anammox rates within coastal sediments have been reported
between 0 and 52 μmol N m 2 h 1 [Brin et al., 2014; Crowe et al., 2012; Dalsgaard et al., 2005; Meyer et al.,
2005]. The NH4+ for the anammox reaction is supplied by various respiratory and/or dissimilatory pathways
such as aerobic respiration, sulfate reduction, and DNRA [An and Gardner, 2002; Brandes et al., 2007]. NO2
can be supplied via NO3+2 reduction during denitriﬁcation, DNRA, or from aerobic ammonium oxidation
[Trimmer et al., 2005]. Little is known regarding the geochemical controls of anammox [Lisa et al., 2014].
Denitriﬁers are thought to outcompete anammox under conditions of high OC [Jin et al., 2012], but there
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are reports of enhanced anammox coincident with higher organic matter and the resultant increase NH4+
supply from high organic matter mineralization rates [Meyer et al., 2005; Trimmer et al., 2003]. The reported
effects of sulfate reduction on anammox range from sulﬁde inhibition [Dalsgaard et al., 2003; Jensen et al.,
2008] to enhancement of rates by high sulﬁde [Wenk et al., 2013], to partial reliance of anammox on NH4+
produced from sulfate reduction [Canﬁeld et al., 2010].
DNRA retains N and can rival denitriﬁcation rates in many coastal, estuarine environments [Burgin and
Hamilton, 2007; Dong et al., 2011; Giblin et al., 2013]. DNRA can proceed through either a heterotrophic
(fermentation) or chemoautotrophic metabolic pathway [Giblin et al., 2013; King and Nedwell, 1985; Tiedje,
1988]. Low molecular weight OC sources serve as the electron donor for fermentative DNRA, while the
chemoautotrophic metabolism uses inorganic substrates (e.g., sulﬁde) as a reductant [Tugtas and Pavlostathis,
2007]. DNRA requires three more electrons per mole of NO3 reduced than denitriﬁcation; therefore, DNRA
may be a more important reduction pathway in strongly reducing environments replete with electrons
[Mohan and Cole, 2007]. DNRA rates are linked to OC availability and quality [Tobias et al., 2001], the ratio of
OC to nitrate [Algar and Vallino, 2014], and sulﬁde. High sulﬁde increases DNRA rates [Burgin and Hamilton,
2008; Gardner et al., 2006], but it remains unclear whether such observed enhancements of DNRA reﬂects sulﬁde
inhibition of denitriﬁcation [Brunet and Garcia-Gil, 1996; Senga et al., 2006] or use of sulﬁde directly as an
electron source, or both [An and Gardner, 2002].
Recent experimental and modeling efforts [Algar and Vallino, 2014; Kraft et al., 2014a] using labile carbon
substrates suggest that the OC:NO3+2 is a reasonable predictor of Dissolved Inorganic Nitrogen (DIN)
partitioning through denitriﬁcation, DNRA, and anammox, whereby anammox dominates at low ratios and
DNRA dominates at the highest OC:NO3+2 ratios. Separate experiments with coastal sediments and water
from oxygen minimum zones showed that the partitioning between denitriﬁcation and anammox was
independent of organic matter (OM) load but instead depended most on the C:N ratio (i.e., amino acid
content) of the OM [Babbin and Ward, 2013; Babbin et al., 2014]. The modeling and experimental work
represent important steps toward understanding controls on DIN removal and recycling, but conclusions
from these studies are difﬁcult to extrapolate to the in situ conditions of coastal sediments for three reasons:
(1) NO3+2 is rapidly consumed, and concentrations do not often reﬂect its load or availability; (2) coastal
sediments are composed of a variety of carbon sources of different quality relative to model carbon
substrates; and (3) sulfate reduction can directly or indirectly exert further selective controls on these
reactions through competition for carbon, supply of substrates (e.g., NH4+ for anammox), and/or the production
of sulﬁde that inhibits some pathways (e.g., denitriﬁcation) and not others.
The objectives of this study were twofold: ﬁrst to characterize at a high spatial resolution the distribution of
denitriﬁcation, anammox, and DNRA in a euryhaline temperate estuary using potential rates and second to
relate spatial differences in potential N-cycling rates to the distribution of OC abundance, sulfate reduction
(using pore water sulﬁde as a proxy), and bulk organic matter characteristics indicative of different
carbon sources.

2. Methods
2.1. Site Description
The Niantic River Estuary (NRE) is a shallow estuary located in southeastern Connecticut (41°20′N, 072°11′W),
along the northern shore of Long Island Sound, USA (Figure 1). The watershed for the NRE covers over 80 km2.
The estuary is shallow (2–5 m) and tidally dominated, with semidiurnal tidal range of ~1 m. The estuary
receives nominal freshwater inputs at base ﬂow, and salinity was uniformly high throughout the study period.
The NRE consists of geomorphologically distinct areas including two upper branches, the lower estuary, and
one protected cove (Smith Cove). The upper and lower estuary is separated by a sandbar that is exposed at
low tide (Figure 1). Additionally, a large sea grass bed (Zostera marina) occupies the middle estuary, although
it exhibited extensive dieback prior to sampling (Figure 1).
2.2. Field Sampling
Sixty sampling locations were selected in a 0.4 km long by 0.2 km wide, evenly spaced grid encompassing the
entire estuary. At each location, water column and sediment samples were collected. Sampling was conducted over a 3 week period in August 2012. Bottom water measurements (0.5 m above the sediment) made
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Smith
Cove

Figure 1. Sampling locations within the Niantic River Estuary. The oval represents the approximate extent of sea grassbeds. The straight line marks the
location of the sandbar that divides the “upper” and “lower” estuaries.
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in the ﬁeld consisted of pH, salinity, dissolved oxygen, speciﬁc conductivity,
and temperature using a YSI 556 sonde
(YSI Inc., Yellow Springs, Ohio, USA).
Bottom water samples were collected
for the following parameters: NO3 ,
NO2 , NH4+ (DIN), particulate organic
nitrogen and particulate organic carbon
(PON, POC) concentrations, δ15N-PON,
and δ13C-POC. DIN samples were ﬁeldﬁltered 0.45 μm. Particulate Organic
Matter (POM) was captured on precombusted 25 mm, 0.7 μm, glass microﬁber
ﬁlters. Both DIN samples and POM
ﬁlters were stored on dry ice in the ﬁeld.
A pole corer was used to collect 7.6 cm.
diameter sediment cores. Surface sediments were sectioned (either 0–1, 1–2,
2–3, or 0–3 cm depending on analyses)
in the ﬁeld and divided into aliquots for
N-cycling rate measurements and geochemical analyses. All sediments except
a fraction for sediment chlorophyll a were
packed in a headspace free container and
iced in the ﬁeld. Sediment to be used for
chlorophyll a analysis was stored on dry
ice in the dark after collection.

2.3. Geochemical Analysis
For the water column, PON and POC concentrations, δ15N and δ13C of the POM trapped on the ﬁlters were
analyzed in duplicate using an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) following
acidiﬁcation to remove carbonates. Water column NH4+, NO3 , and NO2 were measured using indophenol
and Cd reduction/Azo dye methods, respectively, [Smith and Bogren, 2001; Solorzano, 1969] using a
SmartChem analyzer. Precision on the isotope values was ±0.2‰. Detection limits and precision on duplicate
ﬁeld samples for the DIN analyses (surface and pore waters) were 0.5 μM and ±1 μM, respectively.
The following analyses were conducted on bulk sediments and analyzed in duplicate: density, porosity, chlorophyll a, phaeopigments, C and N content, δ15N and δ13C, and extractable NH4+. The C and N content and
stable isotopes were measured via EA-IRMS on freeze-dried sediments following acidiﬁcation (15N analyses
were done on unacidiﬁed aliquots). Sediment chlorophyll a and phaeopigments were extracted in 100%
acetone and quantiﬁed spectrophotometrically [Aminot and Rey, 2000]. Extractable NH4+ adsorbed to sediment was desorbed by KCl extraction (1:2, sediment:2N-KCL) and measured using the indophenol blue
method [Solorzano, 1969]. Pore waters were analyzed for ferrous iron, sulﬁde, NH4+, NO3 , and NO2 . Pore
water was separated by centrifugation under argon headspace, 0.45 μm ﬁltered, and analyzed for NH4+,
NO3 , and NO2 using the methods described above. Pore water sulﬁde concentrations were analyzed using
the methylene blue method [Cline, 1969]. Iron concentrations were analyzed using the ferrozine method
[Stookey, 1970]. The detection limit and precision on the sulﬁde and ferrous iron analyses were 1 μM
and 2–3 μM.
2.4. Sediment Incubations for N-Cycling Rates
Potential rates of denitriﬁcation and anammox and DNRA were measured using labeled 15NO2 tracer added
to anaerobic sediment slurries outlined by Song and Tobias [2011] and Thamdrup and Dalsgaard [2002].
Sediment slurries of the top 0–2 cm were incubated in the dark under anaerobic conditions (ultrahigh purity
He ﬂushed in 12 mL Exetainers) for 24 h to remove all NO3+2 . A subset of the slurry samples were analyzed
PLUMMER ET AL.
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δ 13C (‰)

for NO3 and NO2 using chemiluminescent vanadium reduction to NO [Braman
and Hendrix, 1989] to account for any resi6.6
0.01
-27.4
dual NO3+2 prior to tracer addition.
Slurries were then He purged for a second time, and 14NH4+ + 15NO2 (99.9 at.
%-15N) were added to the incubations
to a ﬁnal pore water concentration of
55 μM each. Nitrite tracer was chosen
instead of nitrate tracer because it permitted the uncoupling of nitrite availability (e.g., for anammox) from the NO3 to
a
b
c
NO2 reduction step in denitriﬁcation.
Time
series incubation samples were anaPhaeo
g
/g
sed
μ
Chl-a μg /g sed
lyzed
in real time, and denitriﬁcation and
8.5
6.0
anammox rates were calculated from
0.7
0.1
linear regressions of 30N2 and 29N2 proT
duction, respectively, [Thamdrup and
Dalsgaard, 2002] as measured with gas
chromatography IRMS at 36 min intervals
from 0 to 252 min. Rates were corrected
T,M,S
using adjusted 15NO2
enrichmentbased NO3+2 measured in the subset
M,S
of slurry samples and were typically less
than a 5% adjustment in the calculated
rates. Root-mean-square error on the
M
f
d
e
rates derived from the regressions was
on the order of 10–20% for both the
Figure 2. (a–e) Bulk OM characteristics were mapped using the same
anammox
and denitriﬁcation rates.
60-point grid as the rate maps presented in Figure 1. (f) The study site is
Parallel incubations were conducted
characterized by four zones of sediment OM type reﬂecting different
contributions from terrestrial (T), microalgal (M; phytoplankton upstream with 15NH4+ only to verify the absence
and benthic microalgal downstream), and sea grass (S) sources.
of coupled nitriﬁcation/denitriﬁcation,
which would have affected interpretation of 30N2 and 29N2 results with respect to denitriﬁcation and anammox. Following gas analyses, the
sediment slurries were extracted for NH4+ by the addition of KCl. The NH4+ was isolated from the extract
by alkaline acid-trap diffusion and analyzed for 15N via EA-IRMS [Holmes et al., 1998]. DNRA rates were
calculated from the mass of 15N in the extracted NH4+ produced during the incubation and the mole
fraction enrichment of the 15NO2 addition.
C:N
17.0

-15.6

3. Results
3.1. Estuarine Geochemistry
During the sampling period, watershed discharge was low and the entire estuary was euryhaline (27–30 practical salinity unit). DIN was low throughout the NRE and the dominant form, NO3+2 , never exceeded 3 μM.
Bulk sediment physical properties exhibited an estuarine gradient in porosity and density with higher porosity and lower density occurring upstream. Similarly, sediment OC and organic nitrogen followed a gradient
that increased with distance upstream likely reﬂecting increasing terrestrial organic matter contributions in
the upper NRE (Figure 2a). The C:N ratios as well as other sediment/pore water parameters revealed more
of a patchwork distribution in geochemistry rather than clear gradients. The C:N, δ13C, chlorophyll a, and
phaeopigments showed zonal differences between the northwestern (NW) and northeastern (NE) upstream
branches, the grassbed centrally located in the NRE, and in the sediments located seaward of the grassbed
(Figures 2a–2f). Sediment C:N throughout the whole NRE varied from 6.6 to 17 but was heterogeneously
distributed (Figure 2b). Higher C:N ratios found in the upper branches of the NRE indicated higher terrestrial

PLUMMER ET AL.

NITROGEN REDUCTION PATHWAYS IN SEDIMENTS

4

Journal of Geophysical Research: Biogeosciences

10.1002/2015JG003057

inputs, but there was also elevated C:N
ratio within and near the location of
the sea grass beds. All other locations
4.8
(seaward of the grassbed and at the
base of the NW branch) showed lower
0.2
C:N ratios more consistent with microalgal inputs. The δ13C generally increased
from a minimum of 27.4‰ near the
head of the estuary a maximum of
15.6‰ at the mouth of the estuary,
with moderately heavy values persisting
in the NE branch of the NRE relative to
the NW branch (Figure 2c). Based upon
the range of δ13C and position in the
estuary, low δ13C values (< 21‰)
were interpreted as indicative of terrestrial carbon inputs. The most enriched
δ13C values (~15–16‰) in the lower
NRE were coincident with coarse sediments and dense benthic microalgal
communities. Intermediate δ13C values
(~17–21‰) were interpreted as OC
derived from estuarine phytoplankton
[Bianchi and Canuel, 2011] Sediment
chlorophyll a (0–1 cm deep) ranged from
0.1 to 6.0 μg chlorophyll a g sediment 1
(Figure 2d). The maximum sediment
chlorophyll a concentrations were measured at the mouth of the estuary likely
reﬂecting phytodetritus and benthic
Figure 3. NRE pore water sulﬁde distribution (millimolar).
microalgae. Chlorophyll a decreased with
distance upstream with the exception of the NE branch that showed elevated chlorophyll a (and phaeopigments)
relative to the upper NW branch. Phaeopigment concentrations (0–1 cm deep) ranged from 0.7 to
8.5 μg pheao g sediment 1 (Figure 2d). Phaeopigments, indicative of degrading photosynthetic organic matter,
showed marked increase in grassbeds that recently died off. Phaeopigments were absent from the NW upper
branch, but not the NE branch of the NRE. Smith Cove also showed high phaeopigments resulting from high
macroalgal and microalgal turnover characteristic of this long residence time water mass.
In the pore waters, nitrate was below detection at all stations, but 11 stations contained pore water nitrite
with 8 stations ranging from 1 to 3 μM, while 3 stations exceeded 10 μM. All stations contained measurable
extractable ammonium ranging from 22 to 510 μM; however, neither ammonium nor nitrite was correlated
with upstream-downstream position in the estuary but instead reﬂected local organic matter abundance.
Sulﬁde concentrations ranged from 0.2 to 4.8 mM throughout the estuary and were generally higher in the
upper estuary although there was variation throughout the NRE (Figure 3). Sulﬁde was weakly correlated with
OC with the broadest range of sulﬁde concentrations (0 to >3.5 mM) occurring across stations of intermediate OC content (0.02–0.04 gC g sediment 1; Figure 4). Sulﬁde hot spots occurred in the uppermost NW
branch, upper central NRE, and in Smith Cove but were notably low along the whole eastern edge of the
NRE from top to bottom (Figure 3). Ferrous iron was detectable (0.2 to 127 μM) at only 15 of the 60 stations
tested and was limited to locations within the estuary where sulﬁde was < 1 mM.
3.2. Nitrogen Reduction Reactions
3.2.1. Denitriﬁcation
Observed rates of denitriﬁcation ranged from 0 to 75 μmol N m 2 h 1 for the NRE with the highest rate measured in Smith Cove (Figure 5a). The maximum rate for the remainder of the estuary was 62 μmol N m 2 h 1.
PLUMMER ET AL.
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The upper NRE yielded denitriﬁcation rates of
0.33 to 62 μmol N m 2 h 1. Elevated denitriﬁ4.0
cation was measured in the upper NE, but not
3.5
in portions of the upper NW branch of the
3.0
NRE where sulﬁde was highest. Denitriﬁcation
2.5
rates in the lower NRE ranged from 1.3 to
2.0
107 μmol N m 2 h 1. There was a small zone of
elevated rates along the northern margin of
1.5
the recently deceased grassbed, but the broad1.0
est zone of higher denitriﬁcation occurred
0.5
throughout the lower one third of the NRE
0.0
where sulﬁde was uniformly lowest (Figure 5a).
0
0.02 0.04 0.06 0.08
0.1
3.2.2. Anammox
Sediment Carbon gC g sed-1
Anammox ranged from 0 to 3.1 μmol N m 2 h 1
for the estuary (Figure 5b). The upper
Figure 4. Linear regression of pore water sulﬁde as a function
estuary contained anammox rates of 0.0 to
of sediment organic carbon content—all stations.
2.8 μmol N m 2 h 1, while the lower NRE
had anammox rates ranging from 0.0 to
3.1 μmol N m 2 h 1. Anammox and denitriﬁcation were tightly correlated throughout the estuary
(r2 = 0.81, p < 0.001), although a notable exception was the NE branch of the upper NRE where denitriﬁcation was high but anammox was low. The ratio of anammox to denitriﬁcation (A/D) was small and
ranged from 0.01 to 0.13.
3.2.3. DNRA
DNRA rates ranged from 0 to 2.6 μmol N m 2 h 1 for the whole NRE (Figure 5c). There were two centrally
located yet separate areas where DNRA rates were elevated by 10 times relative to upstream and downstream values. The high DNRA zone upstream corresponded to high sulﬁde, but the more seaward high
DNRA zone did not. The lowest DNRA rates were measured in the southernmost one third of the NRE where
sulﬁde was lowest, and in both of the two upper branches; one of which (NW branch) was OC rich, while the
other (NE branch) was not. On the whole estuary scale, denitriﬁcation accounted for 91% of the total nitrogen
reduction, with anammox and DNRA accounting for 3.5% and 5.5%, respectively (Figures 5d–5f). However, 17
of the stations, representing approximately one third of the total NRE area had DNRA rates that were 20% or
more of the denitriﬁcation rate. At the three sites with the highest DNRA rates, this reaction exceeded
denitriﬁcation by fourfold to ﬁvefold.
p=.00001
R² =0.30

Sulfide mM

4.5

3.3. Patterns and Covariance Between Geochemistry and N-Cycling Rates
The relationship between the N-cycling rates and two potentially dominant sediment controls, sediment
organic carbon (OC) and sulﬁde, was examined for all stations. Further analysis separately considered the
upper NRE where terrestrial OC was prevalent and the lower NRE where OC of marine origin was more common. The relationship between sediment OC and N-cycling rates was nonlinear for all the reactions. When the
whole data set was examined, an apparent maximum in rates occurred at 2–4%, 2–4%, and 3–5% OC, for
denitriﬁcation, anammox, and DNRA, respectively (Figures 6a, 6c, and 6e). Further, when the upper and lower
NRE were considered separately, there appeared to be unique and different maxima for denitriﬁcation and at
4% OC in the upper NRE and 2% OC in the lower NRE. Despite these apparent %OC-denitriﬁcation optima, the
overall distribution of %OC yielded a negative correlation with denitriﬁcation regardless of position in the
NRE (Figure 7). Anammox was strongly correlated to denitriﬁcation and followed a similar pattern with
respect to an apparent optimum %OC (Figures 6c, 6d, and 7). DNRA, however, increased with rising %OC
when %OC was below 3.5, but decreased OC% > 4.5. The OC % that corresponded to the “breakpoint”
between a positive versus negative correlation between DNRA and OC existed roughly at the demarcation
between upper and lower NRE (Figure 6e). Regardless of position in the estuary, denitriﬁcation and anammox
rates decreased, and DNRA increased with higher sulﬁde concentrations (Figures 6b, 6d, and 6f—see correlation results below).
Pearson’s correlation matrices were used to assess covariance among rates and all sediment geochemical
parameters measured. Three separate analyses were conducted. One correlation matrix was generated using
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75.0

3.1

2.6

0.0

0.0

0.0

A

B

C
% DNRA

% Denitrification
95.6

11.5

0.0

0.0

100
0.4

D

E
2

F

1

Figure 5. (a–c) Microbial rates (μmol N m h ) and (d–f) fractional contribution of each reaction to total NOx respiration
within the NRE. Percent contribution by each reaction = Rxni/ΣRxns × 100.

the whole data set from the NRE, while two others were done using data collected above and below the
natural geomorphological divide in the NRE (the sandbar separating the upper and lower estuaries;
Figures 7a–7c). Data within the correlation tables were color coded according to the absolute value of the
correlation coefﬁcients /r/, where /r/ > 0.50 are red, 0.50 > /r/ > 0.40 are yellow, and 0.40 > /r/ > 0.30 are
green. For the purpose of subsequent discussion, we considered a /r/ < 0.35 as a “weak” relationship between
parameters regardless of the signiﬁcance (p value) as determined by the T statistic. All but a few comparisons
yielded signiﬁcant relationships (p < 0.01) between parameters due to the large number of stations
PLUMMER ET AL.
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Figure 6. Distribution of N reduction rates (μmol N m h ) as a function of (a, c, e) %OC and (b, d, f) pore water sulﬁde. Upper NRE (orange)
and lower NRE (black). Correlation statistics for upper, lower, and all NRE
stations are shown in Figure 7.
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(Figures 7a–7c) indicating a high degree
of covariance among measured values.
However, only four correlations yielded
a /r/value above 0.63 (corresponding to
a linear regression r2 > 0.40), indicating
high scatter among measured values
and/or large deviations from linear relationships between parameters.
3.3.1. Upper Estuary
In the upper NRE, sulﬁde and benthic
chlorophyll a negatively covaried with
denitriﬁcation, while bulk density exhibited a positive covariance. Anammox
exhibited the same relationships as
denitriﬁcation, as well as a negative
covariance with phaeopigments. DNRA
covaried positively with extractable
ammonium and negatively with %OC.
3.3.2. Lower Estuary
In the lower NRE, denitriﬁcation rates
were inversely correlated to %OC, sediment δ13C, and bulk density. Anammox
again exhibited the same relationships
as denitriﬁcation. DNRA in the lower
NRE was strongly positively correlated
inversely correlated to chlorophyll a and

with NH4+ concentration, %OC, sediment δ15N, and sulﬁde, but
bulk density.
3.3.3. Whole Estuary
When considering all stations across the entire estuary, denitriﬁcation was positively correlated to bulk
density and was negatively correlated to pore water ammonium concentration, %OC, and sulﬁde. DNRA
was positively correlated to pore water ammonium, porosity, and sulﬁde, but negatively correlated to

A

B

C

Figure 7. Pearson’s correlations between rates and sediment geochemical parameters for (a) entire NRE, (b) upper NRE,
and (c) lower NRE. Green, yellow, and red shadings denote the absolute value of the correlation coefﬁcient (/r/):
0.30 < green < 0.40, 0.40 < yellow < 0.50, and red > 0.50.
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chlorophyll a. Anammox was not correlated to any parameter with a /r/ > 0.36. Comparisons among rates
throughout the NRE showed that denitriﬁcation was strongly correlated to anammox, but not to DNRA.
Comparison of the correlation matrices (upper versus lower versus entire estuary) revealed that the highest
correlation coefﬁcients between rates and selected environmental parameters (e.g., sulﬁde, chlorophyll a,
DO, and bulk density) in the upper NRE existed for denitriﬁcation and anammox but not for DNRA (red and
yellow cells in Figure 7b). In contrast the highest correlation coefﬁcients between rates and selected
environmental parameters (e.g., sulﬁde, chlorophyll a, bulk density, porosity NH4+, and % org) in the lower
NRE existed for DNRA, but not for denitriﬁcation or anammox (red and yellow cells in Figure 7c). Because
the patterns of correlation between different parameters and different reactions was both reaction and
location (upper versus lower) dependent, when all data were used (Figure 7a), very few strong correlations
among rates and environmental parameters could be identiﬁed. In other words the connections between
rates and potential environmental controls across the whole estuary were confounded because of
apparent differential controls on different rates up versus down estuary as well as by the nonlinear rate
versus %OC relationships throughout the NRE.

4. Discussion
The NRE sediments were characterized by a varied spatial distribution of carbon abundance and source. All
sediments were exposed to uniformly low nitrate in overlying water regardless of position in the estuary, and
widespread euryhaline conditions provided ample sulfate for sulfate reduction at all locations. Our experiments did not address the role of photoautotrophs in N retention, which can be diurnally important in these
kinds of shallow systems, but instead focused on fates for NOx (denitriﬁcation, DNRA, and anammox) which
are present in both photic and aphotic settings. Since incubations were performed in the dark, rates are most
applicable to nighttime conditions in photic sediments (~35% of our stations) and at all times in sediments
where light penetration is < 1% of incident (~65% of our stations). The high spatial resolution of our measurements revealed an interactive effect of C load, C source, and sulﬁde inﬂuencing the distribution/magnitude of
denitriﬁcation, anammox, DNRA, and the resultant degree of N retention in sediments.
4.1. Denitriﬁcation
On the whole estuary scale, sediment N passing through the NO3+2 pool was primarily exported out of the
system via denitriﬁcation. Denitriﬁcation rates were in line with other temperate estuaries and habitat type
[Brin et al., 2014; Joye and Anderson, 2008; Nicholls and Trimmer, 2009; Piehler and Smyth, 2011], accounting
for an average of 90% of the total N reduction. Sulﬁde and carbon exhibited a negative relationship to denitriﬁcation rates. The inverse relationship between denitriﬁcation and sulﬁde was encountered throughout
the estuary (Figures 6b and 7a–7c) and was consistent with reports of with sulﬁde inhibition [An and
Gardner, 2002; Sørensen et al., 1987]. The sulﬁde concentrations of 1 to 3 mM found in 20 of NRE sites are
similar to sulﬁde concentrations that inhibited denitriﬁcation in other marine studies [Senga et al., 2006];
denitriﬁcation in the NRE was effectively absent at sulﬁde concentrations above 2.2 mM. The largest variations in denitriﬁcation rate occurred among sites without sulﬁde, suggesting that denitriﬁcation in areas of
low sulﬁde were controlled by other factors. An inverse relationship between denitriﬁcation and OC abundance was observed across all sampling stations, but this covariance masked a more subtle pattern characterized by an optimum OC for denitriﬁcation (and possibly for anammox). This observed pattern in the NRE
was similar to results of a cross-system comparison that showed a denitriﬁcation maximum at intermediate
levels of carbon respiration in sediments [Eyre and Ferguson, 2009], but the explanation for the optima in the
NRE must be different (Figure 6a). Eyre and Ferguson [2009] attributed higher denitriﬁcation at low carbon
respiration rates to an increasing supply of N available for coupled nitriﬁcation denitriﬁcation. The lower
denitriﬁcation at high carbon respiration rates (i.e., high OC loads) was attributed to loss of sediment faunal
communities and extant decreased oxic microzones necessary for coupled nitriﬁcation denitriﬁcation. But in
the NRE, our experiments normalized for sediment structure, NOx and O2 supply, were void of macrofauna,
and effectively excluded coupled nitriﬁcation/denitriﬁcation. So the pattern observed in the NRE must be
attributable to some other reaction scale factor that is related to geochemical controls other than O2 and
NOx. We surmise that it arises from some interactive effect of OC load, its lability, and the negative effect
of sulﬁde on denitriﬁcation. The existence of two optima %OC for denitriﬁcation, one at lower OC concentration in the lower NRE where OC was marine derived and a higher OC concentration for the upper NRE where
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the OC was terrestrially derived, suggests that OC lability plays a role (Figure 6a). The shape of the denitriﬁcation versus OC distribution was the same for upper and lower NRE, but the optimum OC concentration was
shifted higher for the presumably less labile terrestrial OC. The interaction between OC load/lability and
sulfate reduction may provide a further control on denitriﬁcation. When the total amounts of OC exceed
the OC-type-speciﬁc optima, sulfate reduction (fueled by ~20+ mM SO42 concentrations in overlying water)
yielded higher pore water sulﬁde concentration that suppressed denitriﬁcation and caused the observed
negative covariance between denitriﬁcation and sulﬁde regardless of position in the estuary (Figures 4, 6b,
and 7a–7c). Sulﬁde enhancement of DNRA competing with denitriﬁcation for NOx may have added a
secondary suppression of denitriﬁcation at high OC high sulﬁde concentrations (discussed below).
4.2. Anammox
The anammox contribution to total N reduction (0–11%) in the NRE was expectedly small relative to open
ocean oxygen minimum zones and other low OC systems [Devol, 2003; Engström et al., 2009; Kuypers et al.,
2005; Ward et al., 2008]. The low rates in the NRE were typical for this type of temperate coastal sediment with
moderate amounts of OC and in line with anammox rates and anammox:denitriﬁcation ratios reported for
similar systems [Brin et al., 2014; Dale et al., 2009; Dalsgaard et al., 2005; Rich et al., 2008]. Within the estuary,
anammox and denitriﬁcation were highly correlated. Similar to denitriﬁcation, there also appeared to be two
optima OC concentrations for anammox superimposed against a generally negative covariance between
anammox with OC and sulﬁde (Figures 6c, 6d, and 7a–7c). The observed higher anammox rates in low OC
sediments would be consistent with lab, modeling, and ﬁeld studies [Algar and Vallino, 2014; Engström
et al., 2005] that indicate more favorable anammox conditions at low OC. The negative covariance between
anammox and sulﬁde in the NRE matches a similar negative sulﬁde effect reported by Jensen et al. [2008] but
contradicts studies that report a positive relationship between sulﬁde and anammox [Lisa et al., 2014; Wenk
et al., 2013]. The anammox enhancement by sulﬁde in these studies was attributed to higher NH4+ delivery to
anammox by sulfate reduction and/or by DNRA that was favored at high sulﬁde levels. There was a negative
correlation between anammox and NH4+ (Figures 8a–8c) in the NRE, but the threefold to tenfold higher sulﬁde in the NRE, relative to sediments reported by Lisa et al. [2014], may limit anammox in the NRE by blocking
NO2 supply from nitriﬁcation [Hines et al., 2013] and/or denitriﬁcation. Unlike, Kartal et al. [2007] and Lisa
et al. [2014], there was no correlative evidence to suggest that DNRA was coupled to anammox in the NRE.
4.3. DNRA
The range of DNRA rates measured within the NRE spans rates reported across a wide variety of coastal
systems (reviewed by Giblin et al. [2013]). In terms of the importance of DNRA relative to denitriﬁcation,
the highest DNRA:denitriﬁcation ratio of 3:1 in the NRE was similar to some on the highest ratios measured
in warm sulﬁde-rich systems [An and Gardner, 2002], but overall, the estuarine-averaged DNRA:denitriﬁcation
ratio of 1:5 was more typical for reported values in all but the most organic-rich aquaculture settings
[Christensen et al., 2000]. The spatial variation in the DNRA rate appeared to be largely independent of the
denitriﬁcation and anammox N removal pathways. This decoupling of N removal reactions from N retention
suggests that geochemical controls within the NRE affect DNRA and denitriﬁcation/anammox differently.
The sulﬁde and carbon relationships to DNRA rates may indicate two modes of DNRA within the NRE, and/or
some underlying role of carbon source dependent upon position in the estuary. High concentrations of
sulﬁde are known to promote autotrophic DNRA [An and Gardner, 2002; Senga et al., 2006]. Data from the
NRE, in general, support this mechanism; however, there is less evidence for this DNRA pathway in the upper
NW branch (Figure 6f). While there were positive correlations between sulﬁde and DNRA in the upper and
lower NRE, OC abundance was positively correlated with DNRA in only the lower NRE where the carbon
source was more marine in origin (Figures 6f and 8c). When all data were considered, there was a single
optimum OC% for DNRA across all stations, but unlike denitriﬁcation, there was no indication that there were
separate optima unique to position in the estuary or OC source type. The negative relationship between
DNRA and OC in the upper estuary was unexpected (Figure 6e). The upper NRE has the highest concentrations of organic matter within the estuary, yet the area-averaged DNRA rate in the upper NRE was only
two thirds of the DNRA in the rest of the estuary. These different DNRA- OC-sulﬁde relationships in the upper
and lower NRE could be due to switching DNRA modes between sulﬁde-driven chemoautotrophy in the
upper NRE to fermentative pathways in the lower NRE, perhaps in response to the spatial differences in
carbon quality. As similarly reported for other anaerobic respiratory pathways [Hee et al., 2001], the

PLUMMER ET AL.

NITROGEN REDUCTION PATHWAYS IN SEDIMENTS

10

Journal of Geophysical Research: Biogeosciences

10

10

B

A
1

1

NIRI

NIRI

10.1002/2015JG003057

0.1

0.01

0.1

0.01

R²= 0.19

R²= 0.44
0.001

0.001
0.00

2.00

0

4.00

0.05

Sulfide (mM)

Sed C (gC g
10

10

C

D
1

NIRI

NIRI

1

0.1

0.1

0.01

0.01

R²= 0.24
R²= 0.16

0.001
0

0.05

R²= 0.26
R²= 0.42

0.001
0

0.1

0.05

Sed C (gC g sed-1)

0.1

Sed C (gC g sed-1)

100

100

E

10

F

10

1

1

NIRI

NIRI

0.1

sed-1)

0.1
0.01

R²= 0.47
R²= 0.49

0.001
0

0.05

0.1

0.1
0.01

R²= 0.49
R²= 0.80

0.001
0

Sed C (gC g sed-1)

0.05

0.1

Sed C (gC g sed-1)

Figure 8. Nitrogen Retention Index (NIRI) as a function of (a) sulﬁde and (b) OC using all data and as a function of OC after
13
binning data by (c) chlorophyll a, (d) phaeopigments, and (e) δ C, and by location in the (f) NRE. Symbols and regression
parameters in black denote values for the higher range of the binned data in Figures 8c–8e or the upper NRE in Figure 8f.
1
1
Threshold values for binning data were chlorophyll a = 0.5 μg chlorophyll a g , phaeopigments = 3 μg phaeo g , and
13
δ C = 21‰ for Figures 8c–8e, and above and below the sandbar for Figure 8f. All panels: n = 54.

thermodynamic favorability of the fermentative versus autotrophic DNRA pathways would be affected by
carbon source. Rates of both denitriﬁcation [Lu et al., 2009; Sirivedhin and Gray, 2006] and DNRA [Yin et al.,
2002] are known to vary with different carbon source and/or age with a drop in rates of both DNRA and denitriﬁcation observed in sediments with older more refractory carbon [Tobias et al., 2001]. The same high sulﬁde
conditions at the highest OC concentrations that we suggest suppressed denitriﬁcation would favor a DNRA
switch from a low lability OC source of electrons to the more readily available sulﬁde source. By extension, at
lower sulﬁde concentrations (e.g., less than 2 mM), the denitriﬁcation rate would be more closely tied to OC
lability (hence the occurrence of OC-type-speciﬁc %OC optima for denitriﬁcation) than DNRA because of the
lessened ability of most denitriﬁers to switch to a non-OC reductant.
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4.4. Nitrogen Retention Index
When all three reaction rates are collapsed into a single Nitrogen Retention Index (NIRI = DNRA/(denitriﬁcation + anammox)) the data support the proposition that OC availability is an important determinant of N
retention versus loss by inﬂuencing the proportion of denitriﬁcation, anammox, and DNRA processing of
DIN as described by Algar and Vallino [2014]. The NRE data also indicate that there may be further, and
equally important, controls exerted by sulﬁde and OC source type. NIRI was tightly correlated to sulﬁde which
accounted for 44% of its variance throughout the NRE (Figure 8a). Given the covariance between sulﬁde and
OC, it is difﬁcult, however, to deconstruct OC versus sulﬁde effects on NIRI. While NIRI was also signiﬁcantly
correlated to OC, the sediment OC accounted for less than 19% of the variance in NIRI across the whole
estuary (Figure 8b). We attribute this weaker correlation between NIRI and OC to differences in carbon source
(i.e., lability). To assess this possibility, we grouped the stations according to ranges in some of the various
organic matter characteristics measured. The assumption here was that similar carbon sources have similar
lability and also display similar organic matter source metrics like δ13C, chlorophyll a, and phaeopigments.
When the data are binned by these various organic matter source metrics to try to account for difference
in lability (e.g., δ13C, chlorophyll a, and phaeopigments), stronger relationships between OC abundance
and NIRI were achieved (Figures 8c–8e). For example, when data were split into two groups according to
δ13C (greater or less than 21‰ used to separate marine versus terrestrial OC), the OC abundance became
a much stronger predictor of NIRI for each set of data (R2 = 0.47–0.49) relative to the entire data set (R2 = 0.19;
Figure 8c). The regression slope in Figure 8c was steeper for the marine-derived OC, suggesting greater NIRI
response to that OC source relative to similar changes in terrestrial OC abundance. Similar but a less improved
OC versus NIRI correlation was achieved by considering chlorophyll a (an indication of recent phytoplankton
carbon) above and below 0.4 μg chlorophyll a g sediment 1, and with phaeopigments (an indication of
recently degraded autotrophic biomass) above and below 0.3 μg phaeo g sediment 1 (Figures 8d and 8e).
We suggest that this binning of the data by carbon source metric, in part, normalizes for C lability. No
improvement in the NIRI versus OC abundance was seen when data were binned by C:N ratio, likely because
C:N had two maxima from two different sources—terrestrial and sea grass which may differ in lability. In the
estuary, the distribution of the δ13C, chlorophyll a, and phaeopigment was divided spatially roughly at the
sandbar whereby parsing the data into upper and lower estuary bins similarly enhanced the correlation
between OC and NIRI (Figure 8f ).
Since most coastal sediments are of mixed carbon source, there is no way to know a priori what carbon
metrics, thresholds, or spatial boundaries are best used to bin data for the purpose of relating OC to NIRI.
So when all data were considered (across the upper and lower NRE and regardless of carbon source metric),
sulﬁde emerged as the single best predictor of NIRI—explaining 44% of its variance throughout the
entire NRE (Figure 8a). As a predictor of NIRI, we suggest that in marine and mesoeuryhaline estuarine
settings (i.e., ample SO4 2 supply), the pore water sulﬁde provides an integrated measure of OC availability (abundance and lability). Further, the sulﬁde measurement incorporates any potentially inhibitory
sulﬁde effects on denitriﬁcation or enhancements of DNRA with its extant inﬂuence on NIRI. We suggest
that as a single metric, sulﬁde may have utility as a proxy for gauging the distribution of denitriﬁcation,
anammox, and DNRA that controls N retention versus loss.
An alternative explanation of the distribution of denitriﬁcation, anammox, and DNRA and NIRI is one of
NO3+2 control. It is possible that the differences in upper and lower NRE were more indicative of higher
inputs of nitrate rather than carbon source/lability differences. The lower slope NIRI versus OC regression in
the lower estuary compared to the upper estuary would be consistent with Algar and Vallino [2014] that
show denitriﬁcation and anammox were favored over DNRA at higher NO3+2 to OC ratios provided that
there actually was more NO3+2 in situ in the upper NRE. But we measured uniformly low NO3+2 everywhere in the estuary, with no evidence of gradient along the estuarine axis. Although characterization of
the in situ NO3+2 supply (i.e., the production rate of NO3+2 ) was not resolvable with the existing data,
it seems unlikely that NO3+2 availability was the single cause of the observed NIRI distribution, particularly
after considering that rates were determined under experimentally standardized NO2 additions. For that
to be so, there would have been undetected differential NO3+2 inputs in each of the upper branches of
the NRE, and from tidal ﬂooding waters (to acct for higher denitriﬁcation in the lower NRE), and the effects
of sulﬁde would have to be ignored, as well as discounting the different carbon sources in the upper versus
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lower NRE. The ability to resolve in situ NO3+2 availability across a spectrum of OC abundances and
labilities seems essential for assessing whether the OC:NO3+2 ratio controls on nitrate/nitrite respiration
observed in the lab and in models [Algar and Vallino, 2014; Kraft et al., 2014b] translate directly to an altered
NIRI in the ﬁeld, or whether, as we suggest, the OC source and sulﬁde are important coregulators.
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