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ABSTRACT

RAO, A.M.F. and CHARETTE, M.A., 2012. Benthic nitrogen fixation in an eutrophic estuary affected by groundwater
discharge. Journal of Coastal Research, 00(0), 000–000. West Palm Beach (Florida), ISSN 0749-0208.

Anthropogenic nutrient loading of coastal aquifers has resulted in the discharge of nutrient-enriched groundwater to the
coastal zone, with sweeping repercussions on aquatic community structure and ecosystem function. Groundwater-
derived nutrient loading is known to initiate coastal eutrophication, hypoxia, and harmful algal blooms. However, most
land-derived inputs of nitrogen to the coastal ocean are thought to be removed in heterotrophic estuarine and coastal
sediments, which have traditionally been considered net fixed nitrogen sinks, reducing nutrient export to the oceans.
Here, we provide evidence of net N2 fixation in heterotrophic estuarine sands affected by submarine groundwater
discharge based on N2 : Ar measurements in benthic flux chamber incubations. Below the surface sediments, we observed
efficient removal of fixed N. Together, these results suggest that net N2 fixation in sandy estuarine sediments is
promoted by N limitation because of efficient fixed N removal in subsurface aquifer sediments and in muddy sediments
elsewhere in this estuarine system. Our observations suggest that estuarine sediments in some anthropogenically
affected ecosystems may not represent a net fixed N sink, limiting the potential attenuation of increased N loads and
permitting increased N export to the open ocean.

ADDITIONAL INDEX WORDS: Nitrogen fixation, denitrification, nitrogen cycling, marine sediments, Waquoit Bay,
groundwater.

INTRODUCTION

Human activities in the past century have resulted in a

tremendous increase in nutrient inputs to estuaries worldwide,

promoting increases in harmful algal bloom frequency, phyto-

plankton biomass and production, hypoxic and anoxic bottom

waters, eutrophication, turbidity, nutrient export to the oceans,

and alterations in estuarine nutrient cycling and ecosystem

dynamics (Fisher et al., 2006; Glibert et al., 2008; Howarth and

Marino 2006). Submarine groundwater discharge (SGD) is a

major conduit for natural and anthropogenic nutrient inputs to

the coastal zone (Andersen et al., 2007; Capone and Bautista

1985; Paytan et al., 2006). The discharge of nutrient-enriched

groundwater, resulting from chronic anthropogenic nutrient

loading of coastal aquifers, has sweeping repercussions on

aquatic community structure and function (e.g., Bowen and

Valiela 2001; Herrera-Silvera and Morales-Ojeda 2009; Hu,

Muller-Karger, and Swarzenski, 2006).

The effect of groundwater nutrient loads on coastal waters is

controlled in part by biogeochemical transformations in

sediments in three aquifer regions, illustrated in Figure 1:

within the freshwater plume, the freshwater–seawater mixing

zone (the subterranean estuary [STE]), and at the seepage face

(Charette, Sholkovitz, and Hansel, 2005; Kroeger and Charette

2008; Slomp and Van Cappellen 2004). Although previous

studies have focused on the fresh groundwater zone, biogeo-

chemical transformations in the STE and at the seepage face

are not well understood.

Although oceanographers have long argued that phosphorus

(P) is the ultimate master variable controlling productivity in

aquatic ecosystems on geologic timescales and both mesocosm

and whole-ecosystem studies have corroborated this view in

lakes (e.g., Schindler et al., 2008), there is a growing body of

evidence suggesting that productivity and eutrophication in

most temperate, coastal ecosystems are limited by nitrogen (N).

Planktonic N fixation, which alleviates short-term N limitation

in many freshwater systems, is generally absent at higher

salinities. This dichotomy may be explained by a complex set of

controls on N fixation, including physical factors, such as light

availability and water column stability; chemical interferences,

such as sulfate inhibition of molybdenum uptake in cyanobac-

teria; and ecological controls, such as zooplankton grazing

pressure (Howarth and Marino 2006; Marino et al., 2006; Paerl

2009; Vitousek et al., 2002,). Although nitrogen limitation is

known to favor microbial N2 fixation and benthic N2 fixation

has been previously reported in various coastal systems (e.g.,

Jones 1982; O’Neil and Capone 1989), estuarine sediments

have traditionally been regarded as nitrogen sinks, where micro-

bial fixed N removal attenuates terrestrial and anthropogenic
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nitrogen inputs to the coastal ocean (Seitzinger 1988).

However, recent studies have suggested that some coastal

sediments may be in balance with respect to microbial nitrogen

sources and sinks (e.g., Gardner et al., 2006), whereas others

may even display net nitrogen fixation (Fulweiler et al., 2007).

In this study, we examined nitrogen fluxes and transforma-

tions at Waquoit Bay (Cape Cod, Massachusetts) in permeable

sediments in the shallow subterranean estuary and at the

groundwater seepage face using a push–pull experiment and

benthic flux chamber incubations. We show that efficient fixed

N removal in the shallow STE at this site can completely

consume groundwater N inputs to this zone, but seepage face

sediments may still represent a net fixed N source to this

estuarine system because of net benthic N2 fixation.

MATERIALS AND METHODS

Study Site

Waquoit Bay is a semienclosed estuary in Cape Cod,

Massachusetts, with an average depth of approximately 1 m.

Rainfall infiltration and rapid groundwater flow are facilitated

by the permeable soils on Cape Cod. The bay is flushed with

water from Vineyard Sound, Massachusetts, to the south.

Several studies have documented the significance of SGD in

Waquoit Bay (e.g., Charette, Sholkovitz, and Hansel, 2005;

Michael, Mulligan, and Harvey, 2005), which represents 80% of

freshwater inputs to the bay. The unconfined surface aquifer

that contributes most of the freshwater discharge at the study

site in the head of Waquoit Bay (Figure 2) consists of relatively

homogeneous, permeable sediment, resulting in a well-con-

fined STE (Charette, Sholkovitz, and Hansel, 2005; Mulligan

and Charette 2006). Surface sediments at this site consist of

95% sand and ,5% silt and clay, with 0.05% to 0.075% organic

carbon (Charette, Sholkovitz, and Hansel, 2005;). Hydraulic

conductivity in surface aquifer sediments ranges from 32 to

150 m d21 (Mulligan and Charette 2006).

Removal of dissolved inorganic nitrogen (DIN) in aquifer

sediments in Waquoit Bay, Massachusetts, has previously been

suggested from measurements of w15N enrichment in NO{
3 and

NHz
4 in both shallow and deep salinity transition zones

(Kroeger and Charette 2008). Denitrification has also been

measured previously in fine-grained sediments throughout

this estuarine system (Lamontagne et al., 2002). Despite DIN

removal, higher anthropogenic N loads in Waquoit Bay in the

20th century have resulted in increased eutrophication,

dissolved N, phytoplankton and macroalgal biomass, and loss

of eelgrass (Bowen and Valiela 2001).
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Figure 2. Study site at the head of Waquoit Bay, Massachusetts. A push–pull experiment (PP) was conducted at the intertidal zone in the valley between the

two bluffs in June 2008, and benthic flux chamber incubations (BC) were conducted bayward of the low-tide line, in front of the boathouse.

Figure 1. A schematic diagram of a subterranean estuary.
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Sample Collection and Analytical Methods

To investigate NO{
3 reduction in situ in the shallow STE

within the nearshore groundwater recirculation zone in June

2008, we used an AMS Retract-A-Tip piezometer (Charette and

Allen 2006) inserted at 45 cm depth to extract groundwater for

NO{
3 and Br2 spike addition, reinject the spiked groundwater,

and sample the plume periodically after reinjection following

the push–pull technique (Addy et al., 2005). To minimize

atmospheric contamination and heating of the extracted

groundwater, approximately 40 L of groundwater was pumped

through Viton tubing into a preevacuated gas sampling bag

(Calibrated Instruments, Inc., Hawthorne, New York), kept on

ice, and prefilled with unlabelled NO{
3 and conservative tracer

(Br2) spikes to final concentrations of approximately 200 mM

and 40 mM, respectively. Following mixing and reinjection, the

groundwater plume was resampled hourly at the same position

during 4 hours. Ancillary groundwater properties at the site of

the push–pull experiment were measured with a YSI (Yellow

Springs, Ohio) 600R sonde with temperature, salinity, dis-

solved oxygen, and pH/oxidation-reduction potential (ORP)

sensors.

Light and dark benthic flux chambers were used to examine

carbon and nitrogen transformations at the groundwater

seepage face. Flux chambers, which are acrylic cylinders with

an inner diameter of 20 cm, were implanted manually into the

sediment, enclosing approximately 20 cm of sediment with

10–15 cm of overlying water. Advective porewater exchange

was maintained within the enclosed sediments by acrylic rods,

which stirred the overlying water continuously at 40 rpm.

Laboratory experiments have shown that this stirring rate

corresponds to a pressure gradient of 2.9 Pa between the center

and the rim of the flux chamber, which is in the range of in situ

pressure gradients resulting from unidirectional flow over

bottom topography (Janssen et al., 2005). Groundwater dis-

charge into the overlying water enclosed by the chamber was

permitted in alternate incubations (May 16 and 30; June 25

and 27) by pressure equalization through a capillary tube

open to the surrounding bay water. Temperature and salinity

fluctuations in the chamber overlying water were monitored

continuously using a YSI multiprobe sonde screwed into the

flux chamber lids at the start of each chamber incubation. After

flux chamber lids were secured, a NaBr tracer was added at the

start of all incubations to a final concentration of 3–5 mM

in chamber overlying water. The dilution of this tracer was

used to quantify the overlying water volume and the rate of

porewater exchange in the flux chambers. A water sample of

80–100 mL was collected hourly for solute analyses as de-

scribed below. We report results from eight pairs of flux

chamber incubations in May and June 2008 at the head of

Waquoit Bay just below the low-tide line in about 1 m water

depth. Net sediment-water solute fluxes were determined from

time-series chamber water samples. In three deployments

(May 29 and 30 and June 27), an 15NO{
3 spike was added at the

start of incubations to a final concentration of approximately

200 mM in the chamber overlying water for the determination of

denitrification rates by the isotope pairing technique. Although

isotope pairing results are not shown here, NO{
3 concentration

time series reflect this spike addition.

Calculations of gross benthic respiration and photosynthesis

rates assumed a 1 : 1 O2 : C ratio. Daily benthic photosynthesis

rates were calculated by assuming that benthic photosynthe-

sis proceeds between 1 hour after sunrise and 1 hour before

sunset, based on sunrise–sunset tables obtained from the

Astronomical Applications Department of the U.S. Naval

Observatory (http://aa.usno.navy.mil/data/docs/RS_OneYear.

php). Calculated daily benthic respiration rates assumed that

benthic respiration rates measured in the dark flux chambers

proceeded continuously.

Rates of porewater advection in the flux chamber incubations

were estimated by subtracting the rate of solute transport by

diffusion, obtained using a finite difference model of diffusive

solute exchange (Rao and Jahnke 2004), from the total

exchange rates calculated from linear fits of Br2 time-series

data. Model-estimated diffusive exchange represents ,5% of

the measured solute exchange rates. In principle, chamber

solute fluxes should be corrected for dilution with bottom water

at each sample collection time, but because the loss of Br2

tracer during deployments was generally low (mean 21%) and

because this error is likely offset by uncertainties due to

changing interfacial concentrations during chamber deploy-

ment (Bender et al., 1989), this correction has been ignored

(Jahnke and Jahnke 2000).

Water samples for nutrient analyses (nitrate, ammonium,

dissolved organic nitrogen) were collected in plastic syringes,

filtered (0.2 mm Sterivex, Millipore, Billerica, Massachusetts)

into 30 mL, acid-cleaned scintillation vials, and frozen until

analysis by standard methods on a Lachat Instruments

(Loveland, Colorado) QuickChem 8000 flow injection analyzer.

Filtered and refrigerated samples were analyzed colorimetri-

cally for bromide (Presley 1971). Water samples from flux

chamber and push–pull experiments for dissolved N2 and O2

analyses were collected in glass syringes and filled into slender

15 mL gas-tight Exetainer vials (Labco, High Wycombe, U.K.)

with screw caps, preserved with 200 mL of 50% ZnCl2, and

stored under water until analysis by membrane inlet mass

spectrometry (MIMS; Balzers Prisma QME 200 with Channel-

tron/Faraday detection, Pfeiffer Vacuum, Asslar, Germany) at

the University of Texas Marine Science Institute (An, Gardner,

and Kana, 2001; Kana et al., 1994). Sample vials were filled

from the bottom with a 5 mL overflow volume, preventing sig-

nificant exchange with atmospheric N2. Samples were stored

refrigerated to avoid bubble formation and were analyzed

within 6 weeks of collection. Dissolved gas concentrations were

determined from MIMS analyses using the solubility constants

of Weiss (1970). Average measurement precision for dissolved

gases (O2, Ar, 28N2: coefficient of variation 0.03%) was cal-

culated from replicate (n 5 13) measurements of two standards

at 0 ppt salinity maintained in 21uC and 30uC temperature

baths.

It has been suggested that MIMS N2 : Ar analyses may suffer

from a potential artifact associated with scavenging of N2 by O+

ions, formed by the fragmentation of O2 in the ion source of the

mass spectrometer, producing NO+ (m/z 30; Eyre et al., 2002).

Tests conducted with a copper-reduction column inline with

the mass spectrometer used in this study indicated that O2

concentrations have little effect on measured N2 : Ar (S. An,

unpublished results).
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RESULTS

Groundwater at the push–pull experiment site was brackish

(21–22 ppt) and suboxic (15–20 mM O2), with low total dissolved

nitrogen: NO{
3 , 1 mM, NHz

4 5 10 – 40 mM, and dissolved

organic N 5 5–20 mM. The NO{
3 added to the shallow STE

during this experiment was removed at a rate {RNO3{N

� �
of

7.3 mmol N m23 sediment h21, and N2 was produced at

5.0 mmol N m23 sediment h21 (Figure 3).

Calculated advective exchange rates during flux chamber

incubations (93 6 44 and 227 6 101 L m22 d21 in May and June

2008) agree with porewater exchange rates measured previ-

ously with similar chambers in field and laboratory experi-

ments (Glud, Forster, and Huettel, 1996; Janssen et al., 2005).

Temperature and salinity in benthic flux chamber overlying

water varied by up to 2uC and 2 ppt, respectively (Table 1).

Measured temperature and salinity variations in chamber

overlying water were used to calculate flux chamber dissolved

gas concentrations from dissolved gas ratios measured in the

flux chamber overlying water samples by MIMS (An, Gardner,

and Kana, 2001).

Net O2 consumption indicated benthic respiration in all dark

chamber incubations, whereas benthic photosynthesis resulted

in lower net O2 consumption or net O2 production in light

chamber incubations (Figure 4). Calculated benthic respira-

tion rates (4.35 6 1.98 and 6.31 6 1.44 mmol C m22 h21 in

May and June) exceeded gross photosynthesis (2.64 6 0.63 and

3.45 6 1.60 mmol C m22 h21 in May and June).

A reversal in benthic net N2 flux was observed in dark

chambers, from releases indicating net denitrification rates up

to 0.38 mmol N m22 h21 in mid-May to uptake, indicating net

nitrogen fixation rates up to 0.77 mmol N m22 h21 in late May

and June (Figure 4). Note that only dark chamber N2 fluxes are

presented here.

In unamended incubations, benthic fluxes of NHz
4 (Figure 5)

are higher and more variable than NO{
3 fluxes (Figure 6).

Increased NO{
3 influx was observed in 15NO{

3 –amended flux

chamber incubations relative to unamended incubations

(Table 2, Figure 6). Measured NHz
4 fluxes did not vary

consistently between unamended and amended incubations

but increased in magnitude and variability after mid-May

(Figure 5). Measured areal DIN fluxes in unamended incuba-
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Figure 3. Temporal changes in (a) NO{
3 , and (b) N2 concentrations (mmol L21) in the spiked groundwater plume during the June 2008 push–pull experiment.

Concentrations are expressed as the difference between measured values and the concentrations expected from conservative mixing of the spiked

groundwater plume, based on the dilution of Br2 tracer. Error bars (61 standard deviation [SD], n 5 3) represent propagated average analytical uncertainty.

Regressions shown were used to calculate NO{
3 consumption and N2 production rates.

Table 1. Summary of ranges in measured flux chamber temperature and salinity.

Temperature (uC) Salinity (ppt)

Light Dark Light Dark

15 May 2008 14.87–15.29 14.73–15.01 28.45–28.86 26.06–26.24

16 May 2008 14.39–14.71 14.39–14.51 31.05–31.1 27.85–27.92

29 May 2008 19.72–21.17 19.07–20.28 25.47–26.45 23.03–23.58

30 May 2008 21.07–22.55 20.9–21.7 28.92–29.41 25.71–26.0

24 June 2008 24.58–26.41 24.33–25.79 25.73–25.99 23.34–23.73

25 June 2008 25.57–27.01 25.39–26.05 30.21–30.58 27.65–27.96

26 June 2008 24.17–24.64 24.03–24.45 23.3–24.48 21.48–22.08

27 June 2008 24.35–25.62 24.17–25.09 26.1–26.48 23.79–24.43
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tions (Table 2) are comparable to fluxes reported in other

estuarine systems (Gardner et al., 2006; Giblin et al., 2010).

DISCUSSION

The push–pull experiment revealed rapid 15NO{
3 reduction

to N2 in suboxic aquifer sediments at the head of Waquoit Bay,

at a rate of 5.0 mmol N m23 sediment h21 (Figure 3). The

difference between measured 15NO{
3 removal and N2 produc-

tion rates RNO3{NzRN2{N ~{2:3 mmol N m{3 sediment h{1
� �

may be due to dissimilatory nitrate reduction to ammonium,

although only a low rate of net NHz
4 consumption (0.41

mmol N m23 sediment h21) was observed during the push–pull

experiment. Alternatively, some N2 loss may have resulted from

Journal of Coastal Research coas-28-05-22.3d 1/11/11 16:54:47 5 Cust # JCOASTRES-D-11-00057

Figure 4. Time series measurements of overlying water O2 and N2 concentrations in light (O2 only) and dark (O2 and N2) benthic flux chamber incubations.

Error bars representing average analytical uncertainty (61 SD, n 5 3) are smaller than the symbols in each case. Solid lines represent the slopes used to

calculate benthic fluxes. In dark chamber incubations where benthic O2 fluxes were clearly reduced because of low chamber water O2 concentrations (May 29,

May 30, June 24, and June 25), only the first three measurements were used to calculate benthic O2 fluxes.

Figure 5. Time series measurements of NHz
4 concentrations in light and dark benthic flux chamber incubations. Solid lines represent the slopes used to

calculate benthic NHz
4 fluxes. In the light chamber on May 16, NHz

4 flux was clearly reduced because of low chamber water NHz
4 concentrations, so only the first

three measurements were used to calculate benthic fluxes. Error bars representing average analytical uncertainty (61 SD, n 5 3) are smaller than the symbols.

Benthic Nitrogen Fixation 0
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pressure variations during sampling. Previous observations

suggest that nitrate plumes in the underlying freshwater aquifer

mix into the shallow salinity transition zone (Kroeger and

Charette 2008), where they are likely depleted by the high N

removal rates observed in this experiment. It is difficult to

calculate the total N loss rate in aquifer sediments before

discharge based on our observations; therefore, these results

must be cautiously interpreted. However, the N removal rates

observed in this study are sufficient to completely deplete even

the highest NO{
3 concentrations previously observed here in the

shallow STE (Kroeger and Charette 2008), assuming that

groundwater travels at approximately 1 m d21 within a 1-m-

deep nearshore groundwater recirculation zone extending 3 m

from the high-tide mark (Michael, Mulligan, and Harvey, 2005).

Benthic flux chamber filtration rates most likely overesti-

mate the rate of advective exchange between porewater and the

overlying chamber water because measured Br2 tracer fluxes

also reflect the loss of tracer from groundwater discharging in

the area enclosed by each flux chamber. However, no consistent

differences in Br2 tracer fluxes were observed in replicate

chambers with and without groundwater discharge, probably

because of spatiotemporal variability in groundwater dis-

charge rates (Mulligan and Charette 2006). Although this

variability prohibits the assessment of groundwater discharge

rates during the fluxchamber experiments conducted here,

previous studies have observed and quantified high discharge

rates at this site (Michael, Mulligan, and Harvey, 2005;

Mulligan and Charette 2006).

Benthic photosynthesis and respiration rates derived from

benthic chamber O2 fluxes demonstrate that sands at the study

site are net heterotrophic, but they nevertheless support high

rates of benthic photosynthesis and contribute significantly to

total ecosystem production, which reaches 19 mmol O2 m22 h21

in summer (D’Avanzo, Kremer, and Wainright, 1996). Linear

regression showed that water temperature explains much of

the observed variability in benthic respiration (p 5 0.01), but

not in benthic photosynthesis (p 5 0.25), which is more likely

controlled by light availability (e.g., Berg and Huettel 2008;
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Figure 6. Time series measurements of overlying water NO{
3 NO{

3 zNO{
2

� �
concentrations in light and dark benthic flux chamber incubations. Solid lines

represent the slopes used to calculate benthic NO{
3 fluxes. In chamber incubations where benthic fluxes were clearly reduced because of low chamber water

NO{
3 concentrations (May 15), only the first three measurements were used to calculate benthic fluxes. Note the higher concentration scales required for the

May 29, May 30, and June 27 data. The 15NO{
3 additions raised chamber water NO{

3 concentrations in these incubations. Error bars representing average

analytical uncertainty (61 SD, n 5 3) are smaller than the symbols.

Table 2. Measured benthic chamber fluxes (light/dark). For 28N2 fluxes, only dark chamber results are presented. Boldface columns indicate
15NO{

3 {amended incubations.

mmol m22 h21 May 15 (14.9uC) May 16 (14.5uC) May 29 (20.2uC) May 30 (21.6uC) June 24 (25.4uC) June 25 (26.1uC) June 26 (24.4uC) June 27 (24.9uC)

O2 flux 1.381/23.280 2.113/22.131 22.071/26.396 1.030/25.586 2.101/27.395 22.110/27.660 22.107/24.737 2.008/25.443

NHz
4 NH4

+

flux

0.004/0.017 20.057/0.009 0.516/0.380 0.125/0.415 20.278/20.225 0.275/0.761 0.297/0.292 0.177/0.252

NO{
3 NO3

2

flux

20.103/20.028 0.000/0.002 20.460/20.325 20.402/20.365 0.000/20.002 20.005/20.003 0.009/0.017 21.803/21.401

28N2 flux 0.380 0.058 20.410 20.034 20.768 20.173 0.005 20.410
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Jahnke et al., 2008). Benthic respiration rates in permeable,

sandy sediments observed in this study were remarkably

similar to those reported previously in muddy sediments

elsewhere in Waquoit Bay (Lamontagne et al., 2002).

Kroeger and Charette (2008) estimated benthic DIN inputs

at the head of Waquoit Bay in the summer of 2003 from

terrestrial and marine-source groundwater, of 371 and

44 mmol N (m shoreline)21 d21, respectively, with terrestrial

groundwater inputs mostly (82%) in the form of NO{
3 and

marine-source groundwater inputs in the form of NHz
4 . These

estimates were derived from the nutrient composition of fresh

and saline groundwater in the subterranean estuary and

previous estimates of fresh and saline groundwater discharge

at this site from Darcy’s Law, seepage meter, and radiochem-

ical tracer measurements. It is difficult to compare these

estimates of groundwater-derived nutrient inputs with nutri-

ent fluxes estimated here from in situ flux chamber incuba-

tions, in part, because of differences in the spatial scales

considered with these different approaches. Although Kroeger

and Charette (2008) integrated indirect calculations of coastal

groundwater nutrient inputs over large spatial scales, benthic

flux chamber estimates provide a direct measure of benthic

nutrient fluxes on smaller spatial scales, which incorporate the

effect of microbial processes and nitrogen cycling in surface

sediments. With these caveats in mind, we can make this

comparison based on DIN flux at the seepage face (mmol

[m shoreline]21 d21). Assuming the seepage face extends to 40 m

from shore (Michael, Mulligan, and Harvey, 2005), the DIN

fluxes measured in benthic flux chamber incubations in this

study (Figures 5 and 6) range from 271 to 1 mmol NO{
3

(m shoreline)21 d21 and 232 to 9 mmol NHz
4 (m shoreline)21 d21

in May, and from 24 to 12 mmol NO{
3 (m shoreline)21 d21 and

2248 to 436 mmol NHz
4 (m shoreline)21 d21 in June.

Two important results of this analysis warrant highlighting.

First, in comparison with earlier groundwater DIN flux

estimates by Kroeger and Charette (2008), the large variability

in benthic nutrient flux estimates from in situ flux chamber

incubations illustrates the importance of spatial and temporal

heterogeneity in nitrogen transformations in surface sedi-

ments. These results suggest that benthic DIN fluxes at the

head of Waquoit Bay are dependent on environmental con-

ditions (e.g., temperature, wave height, turbidity, benthic light

levels, organic matter supply), which control microbial nitrogen

cycling pathways at the seepage face. Second, earlier ground-

water DIN flux estimates suggested that benthic DIN inputs

are largely in the form of NO{
3 (Kroeger and Charette 2008),

while benthic flux chamber measurements suggest that

benthic NHz
4 fluxes are larger and more variable. Again, this

difference most likely reflects the difference in spatial scales

considered by each study. Although Kroeger and Charette

(2008) focused on DIN speciation to 10 m depth in the sub-

terranean estuary at the head of Waquoit Bay, Massachusetts,

the benthic flux chamber measurements discussed here

provide a direct measure of nutrient fluxes at the seepage face

and their response to both microbial nitrogen transformations

in surface sediments and groundwater inputs from below.

The imbalance between total 15NO{
3 consumed and 15N

released by 29N2 and 30N2 production in amended incubations

(data not shown), suggests that these incubations were not at

steady state with respect to NO{
3 following spike addition.

However, at least two features in the amended flux chamber

data sets are worth considering. Measured NO{
3 influx in

amended incubations was greater in light than in dark

conditions (Table 2). This difference is likely due to uptake by

benthic microalgae and macroalgae. Furthermore, NO{
3 influx

in amended light and dark incubations was greater at higher

temperatures in June than it was in May, consistent with the

temperature-dependence of metabolic rates.

Benthic N2 fluxes indicative of net denitrification in mid May

are in the range of those reported in fine-grained sediments

elsewhere in this estuarine system (Lamontagne et al., 2002).

In contrast to the low net denitrification rates observed in mid

May, the measured net benthic nitrogen fixation rates observed

at this site in late May and June are, to our knowledge, among

the highest ever observed in marine sediment. Many bacteria

in marine sediments are capable of carrying out N2 fixation,

including heterocystous and nonheterocystous aerobic cyano-

bacteria; anaerobes (sulfate reducers, methanotrophs); and

facultative anaerobes (Berman-Frank et al., 2003; Coyer et al.,

1996; Jones 1982; Reddy et al., 1993). Diurnal fluctuations in

N2 fixation are determined by the local microbial community

because some organisms fix N only in the light, others do

so only in darkness, and yet others carry out N2 fixation

independent of ambient light intensity (Jones 1982, O’Neil and

Capone 1989). Further molecular studies are needed to identify

the organisms that mediate N transformations in these

sediments and to determine the dependence of N2 fixation on

environmental parameters, such as light intensity.

The discovery of significant benthic nitrogen fixation in

this eutrophic estuary plagued by historic biomass increases

(Bowen and Valiela 2001) is consistent with early reports that

nitrogen fixation rates in shallow, coarse-grained marine

sediments are higher in eutrophic than oligotrophic sites and

are generally stimulated by organic matter additions (O’Neil

and Capone 1989 and references therein). It has been suggested

that organic substrate availability may enhance heterotrophic

nitrogen fixation in marine sediments by promoting the

consumption of O2 in bulk sediments or in sediment microen-

vironments, thereby protecting the enzyme nitrogenase

from O2 inactivation (O’Neil and Capone 1989 and references

therein). Although our results suggest that benthic nitrogen

fixation is enhanced in eutrophic systems with increased organic

matter inputs, Fulweiler et al. (2007) have also demonstrated

enhanced net benthic nitrogen fixation due to reduced deni-

trification rates in an estuarine system undergoing oligotro-

phication (Fulweiler et al., 2007). Furthermore, it is well

known that increased organic substrate (and DIN) availability

associated with eutrophication also enhances denitrification

rates (Seitzinger 1988). The effect of these and other factors

on the interplay between benthic nitrogen fixation and deni-

trification and on net benthic N2 flux warrants further study.

CONCLUSIONS

These flux chamber measurements indicate that sandy

sediments at the seepage face at the head of Waquoit Bay

represent a net fixed N source to the bay due to net benthic N2

fixation in late spring and summer. The rapid N transformations
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observed in the shallow STE and at the seepage face in this study

illustrate the importance of sediment transformation rate and

benthic flux measurements in studies of SGD fluxes of nutrients

to the coastal ocean. Furthermore, the high N2 fixation rates

measured here are comparable only to rates observed in

Narragansett Bay, Rhode Island, where it was recently shown

that oligotrophication and declining organic matter deposition

may cause muddy coastal sediments to switch from their

traditional role as net sinks to net sources of fixed N (Fulweiler

et al., 2007). We suggest that net benthic N2 fixation in sandy

sediments at Waquoit Bay, an eutrophic estuary, may be

promoted by low N levels and N limitation due to efficient fixed

N removal in muddy sediments elsewhere in this estuarine

system and in aquifer sediments just below the seepage face, as

observed in the June 2008 push–pull experiment, and at depth

(Kroeger and Charette 2008; Lamontagne et al., 2002).

To test the potential significance of this benthic N source on

an ecosystem scale, we assume that the net benthic N2 fixation

rates observed in this study can be applied to sandy sediments

around the upper half of the bay circumference (Cambareri and

Eichner 1998). Using the minimum measured net N2 fixation

rate gives an input of 9650 mol N d21. During the 1.5-month

study period, this input is equivalent to 25% of the annual

atmospheric, wastewater, and fertilizer N inputs combined

(Bowen and Valiela 2001), and it balanced 35% of the annual

net benthic N sinks in fine-grained Waquoit Bay sediments

(Lamontagne et al., 2002). We are not yet in a position to

extrapolate these results to annual estimates because N

transformation rates in Waquoit Bay are subject to high

seasonal variability (Lamontagne et al., 2002). More-detailed

studies will be required to examine the spatiotemporal

variability of benthic fixed N sources and sinks, and to

determine the extent to which benthic N2 fixation in surface

sands may balance annual benthic N sinks in this estuarine

system. If the temperature dependence of benthic N2 fixation

mirrors the temperature and organic substrate dependence of

denitrification, then both processes may peak in summer, and

net benthic N2 fixation in sandy sediments may decline in fall

and winter as both processes weaken and as increased

dissolved N availability in bay water reduces N limitation.

Evidence of net N2 fixation and less efficient fixed N removal in

coastal sediments underlines the importance of efforts to reduce

nutrient loading in coastal catchments from a variety of different

sources, including wastewater and stormwater systems; failing

septic systems; industrial, commercial, and construction run-

off; and overapplication of mineral fertilizers and organic wastes

in lawns and agricultural soils. Studies have shown that in some

watersheds, groundwater transport of nutrients may match,

or at times even exceed, surface water transport (Bachman

et al., 1998; Simonds et al., 2008). These results confirm that

improved management strategies, including further actions to

regulate groundwater nutrient loading in coastal watersheds

with permeable soils, such as in Cape Cod, are necessary to

achieve improved water quality in coastal ecosystems.
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