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Abstract

The effects of increased nitrogen loading on denitrification and dissimilatory nitrate reduction to ammonium
(DNRA) in marsh sediments were studied in permanently submerged subtidal creek sediments and on the tidally
inundated vegetated marsh platform in Plum Island Sound estuary, Massachusetts. DNRA and denitrification in
surface sediments were measured at all sites using whole-core incubations and the isotope pairing technique,
which allows distinction between denitrification of water column nitrate and coupled nitrification–denitrification.
On the marsh platform, denitrification was also measured at depth in the rhizosphere, using a new approach that
combined the push–pull method and the isotope pairing technique. In tidal creek sediments, fertilization increased
denitrification of water column nitrate by approximately one order of magnitude, and coupled nitrification–
denitrification threefold. Coupled nitrification–denitrification made a significant contribution to the total N2

production in the unfertilized creek but was of minor importance in the fertilized creek due to increased rates of
denitrification of water column nitrate. In the surface sediment of the marsh platform, fertilization increased
denitrification of water column nitrate by an order of magnitude during inundation of the marsh platform, about
12% of the day. However, coupled nitrification–denitrification occurring at depth in the rhizosphere was the main
denitrification pathway, accounting for more than 50% of the total N2 production in the fertilized as well as in the
reference marsh. DNRA was measured in the surface sediment only, where it was comparable in magnitude to
denitrification in the fertilized as well as in the unfertilized marsh.

Human activities in coastal areas have increased over the
last several decades. Discharge of nutrients from agricul-
ture, industries, sewage treatment, and septic tanks has led
to a marked increase in the export of nutrients, particularly
nitrogen, to nearshore coastal areas (Howarth et al. 2002).
As a result, many coastal areas have experienced the severe
negative consequences of eutrophication caused by in-
creased nutrient loading, such as hypoxia and anoxia in
bottom waters, changes in the benthic community,
increased frequency of phytoplankton and macroalgal
blooms, and loss of habitat for submerged vascular plants
(Rabalais and Nixon 2002). Consequently, the environ-
mental as well as scientific interest in the nitrogen cycle and
potential nitrogen removing processes has intensified for
coastal ecosystems (NRC 2000).

In the developed coastal zone, tidal marshes are of great
ecological importance. Tidal marshes intercept and reduce
the flow of nitrogen from the terrestrial upland to the
coastal marine environment. Gaseous loss of nitrogen via
denitrification and burial of nitrogen-containing com-
pounds are important processes reducing the nitrogen flow
through marshes (White and Howes 1994; Howes et al.
1996) and can diminish the severe negative effects of
eutrophication in the nearshore coastal environment (Teal
and Howes 2000; Valiela and Cole 2002; Fisher and
Acreman 2004).

Insight into the interaction between nitrogen removal
capacity and increased nitrogen loading is essential for
understanding how marshes act as buffers for eutrophica-
tion of coastal waters. Denitrification rates in marshes are

generally higher than in other marine sediments (Hopkin-
son and Giblin 2008) and are largely controlled by nitrate
availability (Knowles 1982; Seitzinger 1988; Seitzinger et al.
2006). Nitrate in marsh sediments originates either from
internal sources, such as nitrification, or from external,
primarily anthropogenic, sources. The nitrate from external
sources is delivered through river water and ground water
seepage and predominantly ends up in the marsh tidal
creeks (Howes et al. 1996).

The denitrification response to increased nitrogen
loading may vary spatially in the marsh, depending on
exposure to anthropogenic nitrogen entering the marsh
through the tidal creeks. The subtidal sediments of the tidal
creeks are permanently inundated and therefore constantly
exposed to the nitrate entering the marsh from external
sources. The remainder of the marsh is exposed to tidal
waters for lesser amounts of time. On the vegetated marsh
platform, exposure to tidal water is dependant on marsh
elevation and varies with the neap–spring tidal cycle. The
low marsh is usually inundated for a couple of hours on
every high tide, whereas the landward edges of the high
marsh may only be inundated periodically at spring tides.

Rhizospheres of vegetated aquatic sediments (Reddy
et al. 1989; Bodelier et al. 1996) and intertidal vegetated
marsh sediments (Sherr and Payne 1978) stimulate denitri-
fication. Internal oxygen transport through the aerenchyma
of salt marsh grasses results in oxic microzones surround-
ing the roots and rhizomes, potentially stimulating coupled
nitrification–denitrification at depth in the sediment.
Furthermore, exudates of labile organic compounds from
roots and rhizomes serve as electron donors for denitrifi-
cation. Inorganic nitrogen in salt marsh sediment exists* Corresponding author: agiblin@mbl.edu
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predominantly in the form of ammonium, and nitrate
availability is usually low, resulting in a tight coupling
between nitrification and denitrification (Thompson et al.
1995; Hamersley 2002; Dollhopf et al. 2005).

Competition for nitrate is another factor affecting the
amount of nitrate denitrified in salt marshes. Denitrifiers,
anammox bacteria, and microorganisms carrying out
dissimilatory nitrate reduction to ammonium (DNRA) all
use nitrate or nitrite as the electron acceptor for respiratory
processes (Burgin and Hamilton 2007). Denitrification and
anammox remove nitrogen as dinitrogen gas, which results
in a reduction of the anthropogenic nitrogen loading to
adjacent water bodies. In contrast, DNRA conserves
nitrogen in the sediment as ammonium, retaining the
elevated nitrogen levels, and may thereby contribute to
export of inorganic nitrogen from the marsh to nearby
coastal waters. Hence, the nitrogen removal capacity of a
marsh is to a large extent determined by the predominant
nitrate reduction pathway.

In coastal sediments with anoxic and sulfidic conditions,
DNRA can be the predominant nitrate reduction pathway
(Brunet and Garciagil 1996; Christensen et al. 2000;
McGlathery et al. 2007). Sulfide oxidizing bacteria play a
crucial role carrying out DNRA in marine sediments
(Christensen et al. 2000; An and Gardner 2002). In salt
marshes, DNRA can also be an important nitrate-reducing
process (Hopkinson and Giblin 2008), but only relatively
few studies have investigated DNRA in marsh sediments.
The few studies available indicate that the relative
importance of DNRA is highly variable, accounting for
anywhere between 0% and 60% of the nitrate reduced
(Tobias et al. 2001a,b; Ma and Aelion 2005).

The presence of marsh vegetation may be an important
factor controlling biogeochemical conditions, and thereby
the importance of DNRA. Elevated oxygen levels in the
marsh rhizosphere caused by oxygen transport through
roots and rhizomes may suppress DNRA and stimulate
coupled nitrification–denitrification (Matheson et al. 2002),
but the multiple factors potentially influencing DNRA in
marsh sediment are still largely unknown.

Even though inorganic nitrogen pools are usually high in
salt marsh sediments compared to other marine sediments,
the production of salt marsh grasses is nitrogen-limited due
to ecophysiological factors, such as high salinity and sulfide
concentrations, which inhibit nutrient assimilation by
plants (Mendelssohn and Morris 2000). However, nitrogen
uptake by salt marsh plants may limit nitrogen available
for denitrification and coupled nitrification–denitrification
during periods of extensive plant growth (Hamersley 2002;
Hamersley and Howes 2005).

Several recent studies have investigated the effect of
increased nitrogen loading on denitrification in salt
marshes with different results. Wigand et al. (2004) found
denitrification enzyme activity to be positively correlated
with nitrogen load in the high marsh but not in the low
marsh. Lee et al. (1997) measured potential rates of
denitrification in salt marsh sediments and found a positive
correlation with nitrogen loading, whereas Davis et al.
(2004) found an inverse relationship between the gaseous
nitrogen fluxes and nitrogen loading measured in air-

exposed whole-core incubations. In marsh fertilization
experiments, Hamersley and Howes (2005) found denitri-
fication to be stimulated by nitrogen fertilizer addition
using in situ 15N-NH z

4 -tracer additions, whereas Caffrey et
al. (2007) found no significant fertilization effect on
denitrification in marsh sediment based on N2 : Ar mea-
surements in whole-core incubations.

The effect of increased nitrogen loading on nitrogen
removal in salt marshes is currently not well understood.
Nitrogen transformations in salt marshes are complex, and
ever-changing environmental conditions make them diffi-
cult to analyze.

This study investigates the effect of increased nitrogen
loading on nitrate reduction pathways in salt marsh
sediments. Denitrification and DNRA were studied in a
large-scale salt marsh fertilization experiment carried out in
salt marshes of the Rowley River in the Plum Island Sound
estuary, Massachusetts (Deegan et al. 2007).

Since 2003, the ecological and biogeochemical effects of
nutrient enrichment and predator removal have been
studied in marshes of the Rowley River. During the first
4-yr period, two tidal marshes were fertilized continuously
on every incoming tide throughout the growing season
(May–Oct), and two unfertilized marsh areas with similar
size, geomorphology, hydrology, biogeochemistry, and
plant composition were designated as reference sites and
were monitored under ambient conditions (Deegan et al.
2007). The fertilization affected an area of , 60,000 m2 of
nearly pristine marshlands. The fertilizer was mixed with
the flooding water in the tidal creeks, mimicking the route
by which anthropogenic nitrogen naturally reaches salt
marsh ecosystems, and inducing a natural spatial and
temporal gradient in the marshes’ exposure to the added
fertilizer. Fertilization of one creek was discontinued but
one creek (Sweeney) continued to be fertilized.

Specifically, we investigated the effect of nitrate enrich-
ment on denitrification of water column nitrate and on
coupled nitrification–denitrification and dissimilatory ni-
trate reduction to ammonium (DNRA) in the surface
sediment of the permanently inundated tidal creek and
tidally inundated marsh platform. Denitrification occurring
at depth in the rhizosphere of the marsh platform was also
examined.

Methods

Field description—Plum Island Sound is a 25-km long
macrotidal estuary with a mean tidal range of 2.9 m. The
estuary contains salt marshes dominated by Spartina
alterniflora and Spartina patens in the seawater-dominated
intertidal zone, and Typha angustifolia in the upper
freshwater-dominated areas. The freshwater input to the
Plum Island estuary and the associated marshlands is
primarily riverine.

Measurements were made in one experimentally fertil-
ized tidal creek (Sweeney Creek) and one unfertilized
reference creek (West Creek). Both creeks are located along
the Rowley River. The vegetation in both tidal creek
watersheds consists of S. alterniflora near the creek banks
and S. patens at higher elevations. Salinity of the tidal
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water averages 20.8% and 24.0% for the fertilized and
reference creeks, respectively. In the fertilized creek, nitrate
and phosphate levels were increased on the incoming tide
by dripping in a solution of commercial fertilizer, with the
goal of increasing creek water concentrations to
70 mmol L21 nitrate. The fertilizer additions are equivalent
to a 15-fold increase in the nitrogen loading to the marsh.
This nitrate level is representative for estuarine waters
designated as moderate to highly eutrophic, according to
the EPA (2002). Phosphate concentrations were increased
to approximately 4 mmol L21, aiming for a 15 : 1 N : P ratio
in the creek water. Nitrate was monitored biweekly in the
creek water at three locations in the fertilized and reference
marsh from May to September. In 2006, the average in situ
nitrate concentrations were almost twice as high as the
expected 70 mmol L21, whereas in 2007, the actual
concentrations were much closer to the target values
(Table 1). Detailed background information of experimen-
tal design, biogeochemistry of the tidal creeks, and the
effects of fertilization can be found in Deegan et al. (2007).

Methods applied—Overview: Denitrification and DNRA
were studied in different areas of the fertilized marsh and
the unfertilized reference marsh using three different
methods that were all based on tracer experiments using
15NO {

3 additions and on the isotope pairing technique
(Nielsen 1992). Table 2 summarizes the three methods
used.

Nitrate reduction rates in surface sediments—Denitrifica-
tion of water column nitrate (Dw), coupled nitrification–
denitrification (Dn), and DNRA were studied in the surface
sediments of the tidal creek and on the marsh platform
under flooded conditions, using whole sediment core
incubations with 15NO {

3 additions. Denitrification rates
were calculated using the isotope pairing technique (Nielsen

1992), which calculates the denitrification rates under
ambient environmental conditions (D14), and as amended
denitrification rates (D14 + D15), calculated as the sum of
denitrification rates of ambient nitrate (D14) and denitrifi-
cation stimulated by the added labeled 15N-nitrate (D15).
The amended rates are a measure of the denitrification
capacity under field conditions when nitrate is not limiting.
DNRA rates were calculated based on the 15N-NH z

4
production and the isotope pairing technique according to
equations described in Christensen et al. (2000).

Studies of denitrification and DNRA in tidal creek
sediment were carried out in early August 2006, whereas
the surface sediments of the marsh platform were studied in
late July 2007.

Bottom sediments of the tidal creeks were collected by
inserting polyvinyl chloride (PVC) core tubes (15.2-cm
diameter) into the sediment and digging out the cores. Four
cores were collected from each creek. The cores were
brought to the laboratory immediately after collection.

On the marsh platform, the cores were collected using a
long-bladed knife to cut into the rhizosphere around the
PVC tubes before inserting the tubes and digging out the
cores. The cores were immediately replaced into their
respective holes and left in the field for a week before they
were removed and brought to the laboratory. This
procedure was followed to let roots and rhizomes recover
from damage and thereby prevent leaching of plant
constituents from biasing the nitrate reduction measure-
ments. The vegetation was retained in the cores during
incubation, but in order to ensure homogeneous mixing of
the water column, the flexible stems of the marsh grasses
were tied up and weighed down along the edges of the
cores. Four cores were collected from the reference marsh
platform, and four were collected from the fertilized marsh
platform. The cores were collected in the lower edge of the
high marsh, at a distance of 6–8 m from the creek bank, in
an area dominated by S. patens. This location was often
inundated on high tides, but drainage of pore waters was
low.

The sediment cores from both habitats contained
approximately 20 cm of sediment. Cores from the subtidal
creek sediment were collected with a water column on top
of the sediment, whereas the cores from the marsh platform
were collected exposed to air. The collected cores were kept
submerged and air exposed, respectively, until the nitrate
reduction studies were initiated.

In the laboratory, the cores were kept in a constant-
temperature bath between 22uC and 24uC, equivalent to in

Table 1. Average seasonal nitrate concentrations in the creek
water during incoming tides in the fertilized marsh and in the
unfertilized reference marsh, measured from May to September in
2006 and 2007 (mean 6 SE). The nitrate concentration was
monitored biweekly on three locations in each marsh.

Marsh Year n [NO {
3 ] mmol L21

Fertilized marsh 2007 8 71622
Reference marsh 2007 8 762
Fertilized marsh 2006 10 132622
Reference marsh 2006 10 761

Table 2. Overview of the methods applied to measure denitrification and DNRA in tidal creek and marsh platform sediment in the
fertilized marsh and unfertilized reference marsh in the Plum Island estuary. All methods are based in 15NO {

3 addition and
isotope pairing.

Methods applied Incubation time Light conditions Target processes

Anaerobic sediment slurries 4–6 d Dark Potential denitrification in surface
sediment

Whole-core incubations 6–7 h Dark In situ denitrification and DNRA
in surface sediments

Push–pull methods combined with isotope pairing 3–6 h Light Rhizosphere denitrification
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situ temperatures at the sediment surface measured at the
time of collection (Table 3). The sediment cores, from both
the fertilized and reference creek, were incubated with
water from the unfertilized creek spiked with 15N-NO {

3 .
This procedure was followed to allow cores from both the
fertilized and unfertilized reference creek to be incubated at
the same nitrate levels. For both fertilized and reference
sites, two cores were amended with 15NO3 to a target value
of 70 mmol L21, and the other two cores were amended to a
target value of 150 mmol L21. The actual measured nitrate
amendments differed somewhat from intended concentra-
tions (Table 3) but are referred to as 70 mmol L21 and
150 mmol L21 for convenience.

Incubations were carried out in the dark. Oxygen
concentrations were monitored in each core throughout
the incubation in order to measure the sediment oxygen
demand and to ensure that the oxygen condition did not
become hypoxic. Oxygen concentrations were measured
using oxygen sensors (WTW brand galvanic O2 electrodes).
The incubations were terminated after 6–7 h of incubation,
or earlier if the water column reached hypoxic conditions
(, 2 mg L21), in order to prevent an unintended
decoupling of coupled nitrification–denitrification.

Water column samples were taken at 45–90-min
intervals. Water samples for 29N2 and 30N2 gas analysis
were siphoned into glass vials with screw-on septum caps
(ExetainersH), which were overflowed to prevent gas loss,
and preserved with 20 mL of saturated HgCl2(aq). Samples
for nitrate and ammonium analyses were frozen immedi-
ately. At the end of each incubation of the subtidal creek
bottom sediment, duplicate subcores, including both
sediment and water column, were collected from the
whole-core incubations using a small diameter Plexiglas
cylinder (internal diameter [ID] 5 1.25 cm). The subcores
were slurried, and samples of the slurry were collected for
gas analysis. The slurry samples were collected to include
denitrification end products from the pore water in the
denitrification measurements. In the cores from the marsh
platform, the presence of roots and rhizomes prevented
effective subcoring of the sediment. To capture N2 isotopes
in the pore water, the sponge-like sediment was rapidly
compressed several times with a plunger after the core was
opened in order to mix the pore waters with the water
column, after which samples of the water column were
collected for gas analysis.

The production of 29N2 and 30N2 from denitrification
was measured using membrane inlet mass spectrometry
(An et al. 2001). Denitrification rates were calculated based
on the concentrations of 29N2 and 30N2 measured in the
slurries at the end of incubation. The monitoring of the

29N2 and 30N2 production in the water columns was used to
assure linearity of denitrification rates throughout the
entire incubation time.

For the unfertilized reference marsh, direct denitrifica-
tion of water column nitrate (Dw) was calculated as
described by Nielsen (1992) using the isotope pairing
technique. This method distinguishes between Dw and
coupled nitrification–denitrification (Dn).

For the fertilized marsh, direct denitrification rates were
calculated using a modified interpretation of the isotope
pairing method. At this site nitrate concentrations had been
elevated to . 70 mmol L21. This high 14N-NO {

3
background would have greatly reduced our ability to
measure Dn unless extremely high additions of 15NO {

3 were
made. We therefore chose to incubate the cores from both
the reference and fertilized sites using low-nitrate water
from the reference creek to which 15NO {

3 was added. In the
case of the fertilized site, the added 15N-NO {

3 was
representative for the in situ nitrate concentrations in the
tidal creek water, and consequently denitrification of water
column nitrate (Dw) was calculated as denitrification of the
added 15NO {

3 (D15). In other words, in the fertilized
marsh, the in situ rate of Dw was equal to D15 (Dw 5 D15).

In all cores, from the fertilized as well as from the
reference marsh, coupled nitrification–denitrification rates
(Dn) were calculated using the isotope pairing technique as
described by Nielsen (1992). Total in situ denitrification
rates in the fertilized marsh were calculated as denitrifica-
tion of 15N-NO {

3 plus coupled nitrification–denitrification
(D15 + Dn), whereas total in situ denitrification in the
reference marsh was calculated as denitrification of
ambient 14NO {

3 from the water column plus coupled
nitrification–denitrification (Dw + Dn).

For measurements of DNRA in the whole-core incuba-
tions of the tidal creek sediments, small subcores were
collected from each of the larger sediment cores at the end
of the incubation. The contents of the subcore were
slurried, then 40 g KCl were added for extraction of 15N-
NH z

4 and the sample was immediately frozen until
analysis. The presence of roots and rhizomes prevented
coring for DNRA measurements in the marsh platform
sediment. Alternatively, samples for 15N-NH z

4 extraction
were collected from the water column following the same
procedure as for taking the final gas samples, i.e., rapidly
pressing the sediment up and down with a plunger in order
to mix the pore waters with the water column.

For 15N-NH z
4 extractions, the samples were thawed and

filtered, and the ammonium was extracted onto acidified
Teflon-wrapped GF-C filters, according to Holmes et al.
(1998). The 15N-NH z

4 content on the filters was measured

Table 3. Background conditions in the tidal creek water used for the whole-core incubation and isotope pairing measurements of
denitrification and DNRA in tidal creek and marsh platform sediment.

Temp (C) Salinity Ambient nitrate (mmol L21) Spiked nitrate (mmol L21) Date of experiment

Fertilized creek Same as reference creek 85 and 123 Aug 2006
Reference creek 24 25 6.7 62 and 179 Aug 2006
Fertilized platform Same as reference platform 86 and 157 Jul 2007
Reference platform 22 28 4.4 83 and 172 Jul 2007
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using a Europa ANCA-SL elemental analyzer–gas chro-
matograph preparation system attached to a continuous-
flow Europa 20-20 gas source stable isotope ratio mass
spectrometer (the Stable Isotope Laboratory, the Ecosys-
tems Center, Marine Biological Laboratory, Woods Hole,
Massachusetts).

In situ DNRA rates in the unfertilized reference marsh
were calculated based on the 14N : 15N-ratio of the nitrate in
the cores, which can be derived from the ratio of
denitrification product D14 and D15 (Christensen et al.
2000). In situ DNRA rates were calculated according to the
following equation, where p15NH z

4 is the production of
15N-NH z

4 and D14 and D15 are the denitrification rates of
14N-NO {

3 and 15N-NO {
3 , respectively:

DNRAin situ~p15NHz
4 |

D14

D15

� �

DNRA rates from the fertilized marsh were measured
directly as p15NH z

4 , where the added 15NO {
3 -concentra-

tions represents the in situ nitrate concentration in the
fertilized marsh.

Studying nitrate reduction pathways using sediment
slurry incubations—In sediments, competition with other
nitrate-using microorganisms, inhibition by the presence of
free sulfides (Burgin and Hamilton 2007), and elevated
oxygen penetration, controlled by the presence of micro-
phytobenthos (Risgaard-Petersen et al. 2005), can affect the
performance of the denitrifier community. All of these
factors may be present in whole-core incubations. In order
to account for the effect of inhibiting factors on the
denitrifying community, denitrification was also measured
using anaerobic sediment slurry incubations with added
excess 15N-nitrate. In these incubations, conditions for
denitrification were near optimum. The denitrification rates
measured using the slurry incubations are here termed
‘‘potential rates’’ and represent the denitrification capacity
with low presence of inhibiting factors.

Production of 30N2 was measured over time in sediment
slurries incubated in artificial seawater with added excess
15N-NO {

3 . The denitrification measurements using sedi-
ment slurries were originally carried out in connection to a
study of anammox in tidal creeks of the fertilization project
(Koop-Jakobsen and Giblin 2009a), where a full descrip-
tion of slurry incubation methods can be found. In this
study these results are used for comparison with the whole-
core incubations.

Studying denitrification in marsh rhizospheres using the
push–pull method and isotope pairing technique—In the
rhizosphere of the marsh platform, denitrification (Dr) was
studied at depth (5–20 cm) using a combination of the
push–pull method (Addy et al. 2002) and the isotope
pairing technique (Nielsen 1992), henceforth referred to as
PPIPT. In the PPIPT, pore water is extracted (pulled) from
the sediment using micropiezometers and tracers are added.
15N-NO {

3 is used as a tracer for denitrification, and argon
is used for a tracer of dilution and gas loss. Subsequently,
the ‘‘spiked’’ pore water is injected (pushed) back into the

sediment for incubation. Samples are extracted from the
sediment from the same micropiezometer over a time
course. The samples are analyzed for 28N2, 29N2, 30N2, and
argon. The concentrations of N2 isotopes are corrected for
dilution and gas loss. Subsequently, the denitrification rate
is calculated using the isotope pairing technique (Nielsen
1992). The technique is described in detail in Koop-
Jakobsen and Giblin (2009b) and briefly described below.

Denitrification in the rhizosphere (Dr) of the marsh
platform was studied from mid-July to mid-August 2007.
Denitrification in the rhizosphere was measured from 5 to
20 cm, at 5-cm intervals. Micropiezometers were inserted
into the marsh rhizosphere and were connected via a
peristaltic pump to a burette serving as a holding tank.
Approximately 200 mL of pore water was extracted from
the sediment to the burette. On top of the pore water
extract, a layer of castor oil (2–3 cm) was added that acted
as a barrier preventing gas exchange between the extracted
pore water and the atmosphere. The pore water was spiked
with 15NO {

3 for measuring denitrification, and excess Ar(g)

for tracing dilution and gas loss during the push–pull
procedure. The tracers were dissolved in 15–20 mL artificial
seawater and then injected into the pore water extract,
targeting final concentrations in the pore water of 70–
120 mmol L21 15NO {

3 and 100–150 mmol L21 Ar(g).
The spiked pore water was injected into the sediment at

slow speed and incubated for a total time interval of 4–6 h,
during which 3–4 samples for gas analysis were collected
directly in extended ExetainersH. Samples for analysis of
background concentrations of 28N2, 29N2, 30N2, argon, and
NO {

3ðaqÞ in ambient and spiked pore water were collected
before and after the spike and prior to incubation in the
sediment. Gas samples were kept on ice for up to 36 h until
analysis. Samples for determination of nitrate concentra-
tions were kept on ice for up to 36 h, and then frozen until
analysis. Gas samples were analyzed for 28N2, 29N2, 30N2,
and argon using membrane inlet mass spectrometry (Kana
et al. 1994; An et al. 2001). Denitrification rates were
calculated using the isotope pairing technique (Nielsen
1992) and corrected for dilution and gas loss using the
argon tracer. The PPIPT is not directly applicable for
measuring DNRA in the rhizosphere, where plant uptake
and sediment adsorption affect the extractability of
ammonium produced through DNRA.

Measurements of denitrification at depth in the rhizo-
sphere, using the PPIPT, were carried out in the same
locations as the measurements of denitrification in the
surface sediment; approximately 6–8 m from the creek
bank. The vegetation was dominated by S. patens. The
sediment was waterlogged at all times, and drainage was
poor.

Nitrate and ammonium analysis—Nitrate and ammoni-
um in water column samples, pore water samples, and
slurry samples were analyzed using standard spectropho-
tometric methods (Solórzano 1969; Crompton 2005).

Statistical data analysis—Nitrate reduction in the tidal
creek and marsh platform sediments was studied in
different years, 2006 and 2007, and the average fertilization
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level differed between years (Table 1). Furthermore, the
two habitats (creek sediment and marsh platform) had
different exposure to the added fertilizer: the creek
sediment was constantly submerged and had full exposure
to the fertilizer, while the platform only was exposed during
inundation at high tide. In this way, the degree of exposure
to the fertilizer was dependent on the habitat and year
studied.

Owing to these differences, the effect of fertilization was
analyzed individually for each habitat. In the whole-core
incubations and in the sediment slurry experiments,
differences in denitrification and in DNRA rates in the
surface sediment between the fertilized and reference creek
were analyzed using t-tests for the creek and platform
individually. In the rhizosphere, differences in denitrifica-
tion rates and pore water nitrate concentrations among
depths and between the fertilized and reference marsh were
analyzed using a nested ANOVA, nesting depth within
habitat. Depth-integrated rates of rhizosphere denitrifica-
tion were compared using t-tests.

Bartlett’s test was applied to test for variance homoge-
neity in the data sets. Data sets with heterogeneous
variances were log10 transformed, and subsequently tested
using parametric analysis. Transformations did not nor-
malize the variances in the sediment oxygen demand data,
so a nonparametric Mann–Whitney U-test was used to test
for difference between the fertilized and reference marsh.

Differences in total denitrification rates (D14 + D15)
between the two nitrate incubation levels, 70 and
150 mmol L21, in the whole-core experiments were tested
individually for each of the four locations using t-tests.

Results

Sediment oxygen demand and nitrate removal—The
oxygen and nitrate concentrations in the water column
were monitored throughout the incubations, and oxygen
and nitrate removal rates were calculated from the slope of
concentrations over time using a linear regression. Sedi-
ment oxygen demand was high in both the tidal creek and
on the marsh platform (Table 4). No significant difference
in sediment oxygen demand was observed between the
fertilized and reference marsh tidal creek sediment, whereas
in the marsh platform sediment, the oxygen demand was
higher in the fertilized marsh than in the reference marsh (p
5 0.02, Mann–Whitney U-test).

Nitrate removal rates were calculated for the tidal creek
sediment. Although the average nitrate removal rate in the
fertilized creek was greater than in the reference creek, the
observed difference was not statistically significant (p .
0.05, t-test; Table 4). In the marsh platform sediment,

linear regressions calculating nitrate removal rates were not
statistically significant (p . 0.05) and consequently rates of
nitrate removal could not be calculated.

The effect of nitrate incubation concentration on
denitrification rates—One of the assumptions of the isotope
pairing technique is that rates of coupled nitrification–
denitrification (Dn) are independent of the nitrate avail-
ability in the water column (Nielsen 1992). In this study,
rates of coupled nitrification–denitrification did not differ
between the 70 and 150 mmol L21 nitrate incubation level
(Table 5), so the assumption was met, and the Dn rates
from all the cores in each location were pooled regardless of
nitrate incubation level.

Amended denitrification rates usually increase with
increased nitrate availability (Knowles 1982; Seitzinger
1988; Seitzinger et al. 2006). In this study, only one out of
four locations had a significant difference between the two
nitrate levels used in the incubations (Table 5), implying
that the denitrifying community in these cores had reached,
or were close to, nitrate saturation at the lower amendment
level. Owing to the lack of significant and consistent
differences between the two nitrate incubation levels, all the
rates from all the cores in each location representing
denitrification of water column nitrate (Dw) were pooled. In
this way, the denitrification rates measured in the fertilized
marsh, which were calculated based on denitrification of
the added 15N-NO {

3 , represented a situation where the
nitrate concentration in the water column ranged between
70 and 150 mmol L21 NO {

3 . In fact, this range captured the
in situ nitrate concentration range in the fertilized creek
rather well. Even though nutrient additions in the marsh
fertilization experiment targeted a concentration of

Table 5. t-test comparison of amended denitrification (D14 +
D15) and coupled nitrification–denitrification rates between the
two nitrate incubation levels, 70 and 150 mmol L21, within
each location.

Nitrate incubations
concentrations n p

Amended denitrification (D14 + D15)

Fertilized creek 70 vs. 150 mmol L21 2 0.55
Reference creek 70 vs. 150 mmol L21 2 0.04
Fertilized platform 70 vs. 150 mmol L21 2 0.44
Reference platform 70 vs. 150 mmol L21 2 0.34

Coupled nitrification–denitrification (Dn)

Fertilized creek 70 vs. 150 mmol L21 2 0.54
Reference creek 70 vs. 150 mmol L21 2 0.15
Fertilized platform 70 vs. 150 mmol L21 2 0.94
Reference platform 70 vs. 150 mmol L21 2 0.36

Table 4. Sediment oxygen demand (mmol O2 m22 h21; mean 6 SE; n 5 4), and nitrate removal rates (mmol NO {
3 m22 h21; mean 6

SE; n 5 4 in the fertilized creek, n 5 2 in the reference creek). ND, not detectable.

Fertilized
platform

Reference
platform p Fertilized creek Reference creek p

Sediment oxygen demand (mmol O2 m22 h21) 10.661.8 8.660.2 0.25 24.964.2 14.760.3 0.02
Nitrate removal (mmol NO {

3 m22 h21) ND ND 5976134 3166104 0.26
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70 mmol L21 NO {
3 , the average in situ nitrate concentra-

tion in 2006 was 132 6 22 mmol L21 during the fertilization
period from May to September. In 2007, the concentrations
were closer to the target level, averaging 71 6 22 mmol L21

(Table 1).

Amended denitrification rates—Data from both nitrate
incubation levels were pooled when calculating the
amended denitrification rates, since the denitrification
activity had reached a saturation point. The amended rates
(D14 + D15) give insight into the maximum performance of
the denitrifying community when nitrate is not limiting.
This is also referred to as the denitrification capacity.

In the whole-core incubations on the marsh platform,
there was no difference between the average amended rates
in the fertilized and reference marsh (Table 6). In the tidal
creek sediment, the amended rates in the fertilized creek
were higher than the reference creek rates, but the
difference was not statistically significant due to a high
degree of within-treatment variance in the fertilized creek.
Hence, the effects of fertilization on the amended denitri-
fication rates in the tidal creek sediment, measured in
whole-core incubations, were inconclusive, although there
was a trend of high denitrification capacity in the fertilized
creek sediments.

The sediment slurry incubations measuring denitrifica-
tion potentials also give information about the perfor-
mance of the denitrifying community, when nitrate is not
limiting. In contrast to the amended rates measured by
whole-core incubations that measure the performance of
the denitrifying community under simulated in situ
conditions, which may differ between the sites, the slurry
incubations give insight into the difference in denitrification
potential between fertilized and reference marsh under
common conditions.

The results from the slurry incubations support the
observed trend from the whole-core incubations (Table 6)
that fertilization did not affect denitrification potentials in
the marsh platform sediment. In the tidal creek sediment,
however, denitrification was 47% higher in the fertilized
creek compared to the reference creek.

In situ denitrification in the surface sediment—In the
permanently inundated tidal creek sediments, in situ
denitrification of water column nitrate (Fig. 1; measured
as D15 in the fertilized creek, and Dw in the reference creek)
was increased by more than an order of magnitude in the
fertilized creek (294.9 6 64.7 mmol m22 h21) compared to
the reference creek (9.6 6 0.8 mmol m22 h21; t-test; t 5

4.41, df 5 6, p 5 0.001). On the marsh platform,
denitrification of water column nitrate also increased by
more than an order of magnitude (54.1 6 9.2 mmol m22 h21)
in the fertilized marsh compared to in the reference marsh
(2.8 6 0.5 mmol m22 h21) (t-test, t 5 5.57, df 5 6, p 5
0.002).

In the permanently inundated tidal creek sediments,
rates of coupled nitrification–denitrification (Fig. 1; Dn)
were three times higher in the fertilized tidal creek sediment
(37.2 6 8.8 mmol m22 h21) compared to the reference creek
sediment (11.0 6 2.4 mmol m22 h21; t-test, t 5 2.85, df 5 6,
p 5 0.03). In the surface sediment of the marsh platform,
no effect of fertilization was observed; rates were 3.4 6 1.7
and 2.3 6 1.6 mmol m22 h21 in the fertilized and reference
marsh, respectively (t-test , t 5 0.9, df 5 6, p 5 0.4).
Coupled nitrification–denitrification made up a small

Table 6. Denitrification rates in surface sediment of the tidal creek and marsh platform (mean 6 SE; n 5 4). Amended
denitrification rates (mmol m22 h21; D14 + D15) measured using whole-core incubations and denitrification potentials (nmol N (g wet wt.
sed)21 h21) from Koop-Jakobsen and Giblin (2009a) measured using sediment slurry incubations.

Fertilized
platform

Reference
platform p Fertilized creek Reference creek p

Amended denitrification (mmol N m22 h21) 59.969.8 71.3619.7 0.69 350.2676.9 186.4630.7 0.14
Denitrification potentials (nmol N (g wet wt.

sed)21 h21) 9.260.6 9.061.0 0.82 7.760.4 5.260.6 0.01

Fig. 1. In situ rates of nitrate reduction pathways in the
surface sediment. In situ rates of denitrification of water column
nitrate (Dw), coupled nitrification–denitrification (Dn), and
dissimilatory nitrate reduction to ammonium (DNRA) in (A)
the surface sediment of the tidal creek and (B) the surface
sediment of the marsh platform during inundation (mean 6 SE;
n 5 4).
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percentage of the in situ denitrification in the fertilized
marsh, but comprised more than half of in situ denitrifi-
cation in the surface sediment of the reference marsh in the
whole-core incubations.

As a result of the fertilization effects on denitrification of
water column nitrate and coupled nitrification–denitrifica-
tion (Fig. 1), the total in situ denitrification in the fertilized
creek (D15 + Dn; 332.1 6 73.5 mmol m22 h21) was more
than an order of magnitude higher than denitrification in
the reference creek (Dw + Dn; 20.6 6 2.4 mmol m22 h21; t-
test, t 5 4.23, df 5 6, p , 0.01). On the marsh platform,
total in situ denitrification rates (D15 + Dn; 57.5 6
9.6 mmol m22 h21) were also approximately one order of
magnitude higher in the fertilized marsh than denitrifica-
tion in the reference marsh (5.1 6 1.0 mmol m22 h21; Dn +
Dw; t-test, t 5 5.44, df 5 6, p , 0.002), but proportionally
the denitrification level was lower on the platform than in
the tidal creek sediment. The large increase in denitrifica-
tion of water column nitrate was the main factor driving
the increase in total in situ denitrification.

DNRA in the surface sediment—In the tidal creek
sediment, DNRA was an important nitrate reduction
pathway (Fig. 1). DNRA was also highly affected by
fertilization; in situ rates in the fertilized creek (307.3 6
82.1 mmol m22 h21) were more than an order of magnitude
greater than in the reference creek (21.7 6 3.1 mmol
m22 h21). Nitrate reduction through DNRA was compa-
rable in size to nitrate reduction through denitrification.
DNRA accounted for 48% and 51% of the total
dissimilatory nitrate reduction (denitrification + DNRA)
in the fertilized and reference tidal creek sediment,
respectively. Hence, even though the actual rates of DNRA
in the tidal creek were highly affected by fertilization, the
relative importance of DNRA, when compared to denitri-
fication, was not affected.

On the marsh platform, the DNRA rates were also
affected by fertilization (Fig. 1). Rates in the fertilized
marsh (24.4 6 3.8 mmol m22 h21) were more than six times
higher than the reference marsh (3.9 6 1.1 mmol m22 h21).
Rates of DNRA made up a smaller percentage of the total
dissimilatory nitrate reduction (denitrification + DNRA)
than in the tidal creek sediment, accounting for 29% and
43% in the fertilized and reference marsh, respectively.
However, on the marsh platform, the presence of a dense
rhizosphere complicated the DNRA measurements. In
order to prevent damage to roots and rhizomes and
subsequent leaching of dissolved organic carbon (DOC)
into the samples, subcoring and true ammonium extraction
was avoided. The alternative sampling technique applied
(see Methods) did not capture ammonium adsorbed onto
sediment particles, and therefore only included ammonium
dissolved in pore water and in the water column. The
ammonium adsorption affinity of marsh sediments can be
substantial, especially in the surface sediment (Koop-
Jakobsen and Giblin 2002), and consequently DNRA
may have been underestimated using this method.

Rhizosphere denitrification in the marsh platform—In
these marshes, where infiltration was low, nitrification was

the only source of nitrate at depth in the rhizosphere, and
low nitrification activity was presumably the main factor
limiting nitrate availability and controlling in situ denitri-
fication. Nitrate concentrations in the pore waters were low
(, 1.5 mmol L21 NO {

3 ) and did not differ among depths (p
5 0.55), and there was no overall fertilization effect
between the fertilized and reference marsh (nested ANOVA
p 5 0.39; Fig. 2).

In the rhizosphere of both the fertilized and the reference
marsh, denitrification activity was observed down to a
depth of 20 cm (Fig. 3). Denitrification was not measured
below the 20-cm depth, but it is possible that denitrification
activity continued deeper down in the sediment, following
the distribution of the rhizosphere. The depth profiles of
denitrification showed a large spatial as well as vertical
variation in denitrification in the rhizosphere. Even though
the average amended denitrification rates in the fertilized
marsh were markedly lower at 20 cm, the observed
difference was not statistically significant from other depths

Fig. 2. Profiles of pore water nitrate in the marsh platform
sediment, mean 6 SE (n 5 3).

Fig. 3. Depth profiles of rhizosphere denitrification (Dr). (A)
Amended rates and (B) ambient rates of denitrification in the
rhizosphere of the marsh platform. Mean 6 SE (n 5 3).
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(p 5 0.36) in the fertilized marsh, nor was there an overall
difference between the fertilized and reference marsh
(nested ANOVA, p 5 0.30). For the ambient denitrification
rates, there were no observed differences among different
depths (p 5 0.53) in the fertilized or in the reference marsh,
nor was there a difference between the fertilized and
reference marsh (nested ANOVA, p 5 0.58). Since this
study was carried out in the fourth year of marsh
fertilization, it suggested that even long-term increased
nitrogen loading did not affect denitrification in the
rhizosphere.

In the rhizosphere, the depth-integrated amended
denitrification rates were more than an order of magnitude
higher than the ambient rates (Table 7), showing that the
sediment possessed a highly unexploited denitrification
capacity. Even so, the ambient denitrification rates were
still an important component of the overall nitrogen-
processing capacity of the marsh.

Discussion

Comparing nitrate reduction activity in fertilized and
unfertilized marsh—Fertilization raised denitrification and
DNRA rates in the salt marsh sediments. Denitrification
increased 16-fold on average in the creek sediment and 11-
fold in the platform sediment, in response to an increase in
the nitrate loading, ranging from 19-fold in 2006 (corre-
sponding to the tidal creek studies), and 10-fold in 2007
(corresponding to the platform studies). A high degree of
variance was observed for denitrification rates as well as for
the nitrate concentrations within each location, and the
average nitrogen loading differed between years. It was
therefore difficult to determine exactly how well the
increase in denitrification matched the increase in nitrogen
loading. Nevertheless, this study does clearly show that a
substantial increase in nitrogen loading triggers a substan-
tial increase in denitrification in both tidal creek sediment
and on the marsh platform.

The amended rates of denitrification and denitrification
potentials showed that the denitrification capacity was
increased by fertilization in the tidal creek sediment, but
not on the marsh platform (Table 6). This was most likely
caused by a difference in exposure to the added fertilizer. In
this marsh fertilization experiment, the fertilizer was added
to the flooding water on every incoming tide, mimicking
the natural route of exposure for anthropogenic nitrogen to
tidal marshes. In this way, the bottom of tidal creeks, which

are submerged even at low tide, were constantly exposed to
the nitrate added to the marsh, whereas the marsh
platform, which is flooded only during high tide, was
exposed only 12% of the day on average in the S. patens
zone in these marshes (Deegan et al. 2007). Consequently,
the creek sediment got a markedly higher exposure to the
added fertilizer, which may have stimulated the denitrifying
community there more than the community on the
platform.

DNRA rates were also highly affected by increased
nitrogen loading, and the rates were comparable to rates of
denitrification in both habitats, and in the fertilized as well
as in the reference marsh. In the tidal creek sediment,
DNRA accounted for approximately 50% of the total
dissimilatory nitrate reduction (denitrification + DNRA),
and the relative importance of DNRA was unaffected by
fertilization, since DNRA was equally important in the
fertilized and reference marsh.

DNRA was also an important nitrate-reducing pathway
on the marsh platform, accounting for more than 30% of
the total dissimilatory nitrate reduction (denitrification +
DNRA). However, the lack of proper extraction of
ammonium in the platform sediment may have resulted in
underestimated rates, and consequently a comparison of
DNRA between the tidal creek sediment and the marsh
platform should be done with caution. Nevertheless, the
fact that DNRA under these circumstances accounted for
more than 30% of the nitrate reduction on the platform
showed that DNRA was a very important nitrogen-
processing pathway on the marsh platform as well.

The interest in DNRA has increased over the last decade
as more studies have found it to be as important as
denitrification for nitrate reduction in many marine
environments (Burgin and Hamilton 2007), including
wetlands (Tobias et al. 2001a,b; Ma and Aelion 2005).
This study provides further evidence that DNRA is an
important nitrate-reducing pathway in salt marshes.

Comparing nitrate reduction activity in creek sediment and
marsh platform sediment—In the fertilized as well as in the
reference marsh, the rates of denitrification and DNRA
were markedly higher in tidal creek sediment than on the
marsh platform. The tidal creek and the marsh platform
studies were conducted in two different years, and a
comparison therefore should be done with caution. It is
however noteworthy that during inundation, when both
habitats were equally exposed to water column nitrate, the
denitrification rate in the tidal creek was 4–6 times higher
than on the marsh platform (Fig. 1). This difference was
also present between the reference creek and the reference
marsh platform, which were both unfertilized, so nitrogen
loading in itself cannot be the driving factor. Many
environmental factors are known to affect denitrification
in marine sediments. It is possible that differences in
sediment grain size, organic content, and H2S concentra-
tion caused by the pronounced difference in water
movement, air-exposure frequency, and plant cover be-
tween the two habitats played a role in the observed
difference in nitrate reduction activity between the tidal
creek sediment and the marsh platform.

Table 7. Depth-integrated rhizosphere denitrification rates.
Amended and ambient denitrification rates in the rhizosphere of
the marsh platform (mean 6 SE; n 5 3).

Fertilized
platform

Reference
platform p

Amended rates
(mmol N m22 h21) 421.36204.7 560.16166.8 0.62

Ambient rates
(mmol N m22 h21) 13.466.3 15.264.5 0.83
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Other studies have also found differences in denitrifica-
tion rates between creek and platform marsh sediment, but
no clear picture has emerged. Kaplan et al. (1979) and
Eriksson et al. (2003) found higher rates in creek sediments
than vegetated sediments, whereas other studies found that
denitrification rates were higher in vegetated sediments
than in nearby creek bottoms (Abd. Aziz and Nedwell
1986; Koch et al. 1992; Davis et al. 2004).

Nitrate removal—These studies of denitrification and
DNRA measured nitrate removal by monitoring the
products of two important dissimilatory nitrate reduction
pathways. The actual nitrate concentration in the water
column was also monitored throughout the incubations of
the whole-core experiment. The nitrate availability in the
cores was high at all times, and only a minor fraction of the
nitrate was removed.

In the tidal creek sediment, nitrate was removed steadily
from the water column, and net nitrate removal rates could
be calculated. Nitrate removal rates (Table 4) correspond-
ed well with nitrate removal through denitrification and
DNRA. The sum of denitrification and DNRA accounted
for . 76% of the net nitrate removal, showing that these
dissimilatory processes comprised the majority of the
nitrate reduction in these incubations, whereas nitrate
assimilation by microbes and benthic microalgae seemed to
play a lesser role in nitrate removal.

In cores from the marsh platform, denitrification and
DNRA rates were lower, and less nitrate was removed from
the water column. Consequently, the nitrate concentrations
were high at all times, and the regressions calculating the
nitrate removal were not statistically significant. However,
the very low rates of net nitrate removal indicate that net
assimilatory sinks were not large, at least over these
timescales.

The whole-core incubations in these experiments were
carried out in the dark representing a nighttime situation.
The presence of benthic microalgae in the sediment is
known to suppress denitrification activity in marine
sediment due to competition for nitrate (Dalsgaard 2003;
Sundback et al. 2004). Nitrate uptake by benthic micro-
algae and salt marsh grasses may play a more significant
role in reducing denitrification during daylight hours.

Denitrification in the rhizosphere—In contrast to the bare
tidal creek sediments, where denitrification is restricted to a
narrow band in the upper part of the anoxic zone, the
presence of salt marsh grasses on the marsh platform
stimulates denitrification deeper in the sediment. In this
study, denitrification activity was observed down to a depth
of 20 cm and possibly continued deeper into the sediment,
following the distribution of roots and rhizomes. Denitri-
fication profiles in the rhizosphere were not affected by
fertilization and did not differ between the fertilized and
reference marsh.

Percolation of water in the vegetated marsh sediment is
low and only affects the surface sediment (upper 3 cm)
during inundation at high tide (Howarth and Teal 1980;
Howarth and Giblin 1983). Only in areas with high
drainage close to the creek banks, or areas affected by

bioturbating animals, would some of the fertilizer added to
the flooding water reach into the rhizosphere through
percolation or irrigation. The low percolation was reflected
in the pore water nitrate profiles (Fig. 2), where no
significant differences in nitrate concentrations were found
between depths or between the fertilized and reference
marsh. Hence, the effect of nitrate originating from the
surface flood water on rhizosphere denitrification was
considered negligible and rhizosphere denitrification was
exclusively dependent on nitrate originating from nitrifica-
tion.

Even though the rhizosphere possessed a highly unex-
ploited denitrification capacity, and ambient denitrification
rates appeared low, the deep vertical distribution of
denitrification caused the depth-integrated rates of ambient
rhizosphere denitrification (Dr) to reach substantial levels.
Rhizosphere denitrification was the dominant denitrifica-
tion pathway during flooded conditions in the reference
marsh, where low ambient nitrate concentrations in the
flooding water kept denitrification of water column nitrate
to a minimum. In the fertilized marsh, on the other hand,
increased nitrate availability caused denitrification of water
column nitrate (Dw) in the surface sediment to increase
significantly. It became the most important denitrification
pathway during inundated conditions, which, however,
comprise only 12% of the day (Deegan et al. 2007). In
contrast, rhizosphere denitrification is independent of
inundation and occurs throughout the day. Denitrification
rates calculated on a daily basis showed that even though
the denitrification of water column nitrate was the
predominate pathway during inundation, rhizosphere
denitrification was the major contributor to the N2

production on the marsh platform, in the fertilized as well
as in the reference marsh (Fig. 4). Hence, denitrification of
internal nitrogen sources in the rhizosphere was more
important than direct denitrification of external anthropo-
genic nitrogen on the marsh platform, even under fertilized
conditions.

Comparison with other marsh studies—Even though salt
marshes have an important ecological function removing
excess nitrogen, and thereby diminishing nitrogen loading
to the coastal zone, studies of denitrification in marshes are
few compared to studies of permanently inundated coastal
sediments (Hopkinson and Giblin 2008). Continuous
flooding and multiple vegetation zones with denitrification
potentially occurring at depth in the rhizosphere demand a
high degree of flexibility of the denitrification method
employed. Of the 16 marsh denitrification studies reviewed
by Hopkinson and Giblin (2008), 12 different methodo-
logical approaches were used, making comparison among
studies difficult. Furthermore, many older studies make use
of methods, such as the acetylene block technique, which
later were found to be inapplicable in most marsh studies
(Hamersley and Howes 2005).

In the fertilizer application method employed in this
study, fertilization was implemented from May to Septem-
ber, adding dissolved nitrate and phosphate directly to the
flooding water. In contrast to fertilization techniques
adding dry fertilizer directly to the marsh platform, this
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method mimics the natural route of exposure for anthro-
pogenic nitrogen to salt marshes, resulting in intensive
exposure of the tidal creeks to the added fertilizer.
Exposure of the marsh platform, however, is restricted to
inundations at high tide. This clearly has a large effect on
nitrate reduction pathways.

On the marsh platform, the estimated daily in situ
denitrification rates calculated as the sum of all denitrifi-
cation pathways (Table 8), weighting the restricted denitri-
fication of water column nitrate, S(Dn, Dr, 12%Dw), were in
the low end of the salt marsh denitrification range reported
in the literature (Hamersley and Howes 2005; Caffrey et al.
2007; Hopkinson and Giblin 2008). Hopkinson and Giblin
(2008) reported gross denitrification rates in vegetated
marshes (variable vegetation) ranging from 36 to
4129 mmol m2 2 d2 1 with a median value of
1000 mmol m22 d21 (n 5 16). The salt marshes in the
Plum Island estuary are relatively pristine marshes, and
consequently low ambient denitrification rates on the
platform were expected. Although it is noteworthy that
even though fertilization increased denitrification of water
column nitrate by an order of magnitude, the daily
denitrification rates on the fertilized marsh platform were
still in the low end of the denitrification range reported, due
to the restricted exposure of the marsh platform to
fertilized creek water.

In the tidal creek sediment, the difference between the
fertilized and reference marsh was large on a daily basis

because this sediment was fully exposed to the added
fertilizer (Table 8). Hopkinson and Giblin (2008) reported
gross denitrification rates from bare marsh sediments
ranging from 29 to 11,500 mmol m22 d21 with a median
of 329 mmol m22 d21 (n 5 15). Denitrification rates from
the fertilized as well as the reference tidal creek sediment
were both in the high end of the denitrification range
reported, and the rate in the fertilized creek sediment was
one of the highest rates shown in the literature for
unvegetated marsh sediments.

Fig. 4. The relative importance of denitrification pathways in the marsh platform sediment. Comparison of denitrification of water
column nitrate (Dw), coupled nitrification–denitrification (Dn), and rhizosphere denitrification (Dr). Hourly rates are calculated based on
inundated sediment conditions. The daily rates take into account that denitrification of water column nitrate only occurs when the marsh
platform is inundated at high tides, , 12% of the day. Coupled nitrification–denitrification in the surface sediment (Dn) and rhizosphere
denitrification (Dr) occur throughout the day. Total denitrification (Dt) is the sum denitrification pathways on the marsh platform.

Table 8. Estimated total daily denitrification rates in the tidal
creek and marsh platform sediment. Mean 6 SE. Total daily
denitrification rates in the tidal creek sediment are estimated as
S(Dw, Dn), where denitrification of water column nitrate (Dw) and
coupled nitrification–denitrification (Dn) occur 24 h per day. Total
denitrification of the marsh platform was estimated as S(Dr, Dn,
0.12Dw), where rhizosphere denitrification (Dr) and coupled
nitrification–denitrification (Dn) occur 24 h per day and
denitrification of water column nitrate (Dw) occur 2.9 h per
day (12%).

Daily denitrification rates (mmol N m22 d21)

Fertilized creek 797161568
Reference creek 494661
Fertilized platform 5596155
Reference platform 4286109
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The estimated daily average of in situ denitrification
rates in the fertilized creek, S(D15 + Dn), was more than an
order of magnitude higher than the estimated daily average
rates in the reference creek S(Dw + Dn). Compared to the
rates on the marsh platform calculated weighting the
restricted exposure of the platform to the added fertilizer,
denitrification in the creek sediment was also an order of
magnitude higher than daily denitrification on the marsh
platform (Table 8). This indicates that the tidal creek
sediment is an important location for nitrogen removal
through denitrification, even though the tidal creek
comprises only a small part of the marsh entire area (,
20%).

The estimated daily denitrification rates from the creek
sediment presented here represent denitrification in the
bottoms of the tidal creeks, which are permanently
inundated. However, even though the brinks and mudflats
of the tidal creeks are inundated most of the day,
inundation still varies with the tidal cycle on these
locations. Consequently, the importance of nitrate removal
through denitrification in the tidal creek, relative to the
marsh platform, is a function of inundation frequency and
inundation time of the tidal creek as well as the marsh
platform. In future studies, this is a parameter that must be
modeled in order to get insight into the relative importance
of creek and platform denitrification.

Methodological considerations—Owing to ever-changing
environmental conditions in multiple vegetation zones,
measuring denitrification in vegetated marshes is challeng-
ing.

Measurements of denitrification using whole-core incu-
bations and isotope pairing are rarely carried out in the
vegetated marsh sediments since the method cannot detect
nitrification–denitrification at depth in the rhizosphere,
which may be stimulated by the presence of plants.
Furthermore, the presence of taller salt marsh grasses
requires very tall and cumbersome sediment cores. On the
other hand, removal of aboveground vegetation will bias
the denitrification measurements, due to leaching of DOC
from the damaged plant tissue and disruption of oxygen
transport through the arenchyma tissue to the roots and
rhizomes. In these studies, the vegetation, S. patens, was
retained in the sediment cores. The flexibility of S. patens
allowed the stems to be tied up and weighed down along
the edges of the cores, enabling the use of relatively small
cores, while keeping the vegetation intact. The S. patens
zone comprises , 40% of the fertilized and reference marsh
(Deegan et al. 2007), so these denitrification measurements
are representative of a large part of the vegetated marsh.
The methodological approach used in these studies is
applicable to most of the marsh platform. However, a
different approach would be needed for the creek banks
where tall S. alterniflora is present and percolation is high.

Denitrification in the rhizosphere was measured using a
new methodical approach combining the push–pull method
(Addy et al. 2002) with the isotope pairing technique
(Nielsen 1992). This combination of methods was modified
and refined specifically with the purpose of measuring
rhizosphere denitrification in marshes (Koop-Jakobsen and

Giblin 2009b). Considering the large proportion of the total
in situ denitrification that rhizosphere denitrification
comprises (Fig. 4), these studies clearly show that neglect-
ing to include rhizosphere denitrification in marsh nitrate
removal studies would significantly underestimate the total
amount of denitrification occurring.

In the marshes where the fertilization experiment was
located, S. patens grows in close proximity to the tidal
creeks. Denitrification was measured in the S. patens zone
at a distance of 6–8 m from the tidal creek to ensure
frequent inundation, and exposure to the added fertilizer,
in the areas studied. Apart from the S. alterniflora zone
right on the creek bank, this location on the marsh
platform had the highest exposure to the added fertilizer.
At higher elevations, near the landward edges of the marsh,
the platform is less frequently inundated, and thereby less
frequently exposed to the added fertilizer. Consequently,
the observed increase in denitrification of water column
nitrate in the fertilized marsh is of lesser importance in
these areas.

Denitrification was measured in the surface sediment of
the marsh platform and tidal creek sediment under flooded
conditions, and in the rhizosphere under air-exposed
sediment conditions. However, the short distance from
the sediment to the atmosphere in the surface sediment
promotes a rapid exchange of gasses, complicating
denitrification measurements.

For the daily rates presented in this study, it is assumed
that denitrification and DNRA of water column nitrate
were absent when the sediment was air exposed. However,
sulfur-oxidizing organisms carrying out DNRA are capable
of storing large quantities of nitrate internally in vacuoles
and transporting it into the sediment (Sayama 2001; Zopfi
et al. 2001; Sayama et al. 2005). Consequently, DNRA of
water column nitrate may also occur during air exposure of
the marsh platform. This ability has not yet been described
for denitrifying organisms.

In sediments, dissimilatory processes other than denitri-
fication and DNRA can reduce nitrate (Burgin and
Hamilton 2007). Especially, the presence of anammox can
interfere with denitrification measurements. In the sedi-
ment investigated in this study, however, anammox
accounted for less than 1% of the total N2 production in
the tidal creek sediment as well as on the fertilized and
reference marsh platforms (Koop-Jakobsen and Giblin
2009a).

In conclusion, salt marshes affect the flow of anthropo-
genic nitrogen from the terrestrial upland to the coastal
waters by removing inorganic nitrogen through denitrifi-
cation and other processes. On the marsh platform,
denitrification of water column nitrate increased by an
order of magnitude because of marsh fertilization but was
restricted to inundation at high tide. Consequently,
denitrification in the rhizosphere, which is expected to
occur throughout the day, was the most important
contributor to nitrogen removal on a daily basis in the
fertilized as well as in the reference marsh platform.
Denitrification in the rhizosphere was unaffected by
fertilization. The highest denitrification rates were found
in the fertilized tidal creek sediment. In the tidal creek,
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fertilization increased denitrification of water column
nitrate by more than an order of magnitude. Furthermore,
total in situ denitrification rates measured in the fertilized
creek were also an order of magnitude higher than the rates
on the marsh platform on a daily basis. This indicated that
the creek sediment might play a crucial role for salt marsh
nitrate removal capacity, despite comprising a minor part
of the total marsh area.
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SOLÓRZANO, L. 1969. Determination of ammonia in natural waters
by the phenolhypochlorite method. Limnol. Oceanogr. 14:
799–801.

SUNDBACK, K., F. LINARES, F. LARSON, A. WULFF, AND A.
ENGELSEN. 2004. Benthic nitrogen fluxes along a depth
gradient in a microtidal fjord: The role of denitrification
and microphytobenthos. Limnol. Oceanogr. 49: 1095–1107.

TEAL, J. M., AND B. L. HOWES. 2000. Salt marsh values:
Retrospection from the end of the century, p. 9–19. In M.
P. Weinstein and D. A. Kreeger [eds.], Concepts and
controversies in tidal marsh ecology. Kluwer.

THOMPSON, S. P., H. W. PAERL, AND M. C. GO. 1995. Seasonal
patterns of nitrification and denitrification in a natural and a
restored salt-marsh. Estuaries 18: 399–408.

TOBIAS, C. R., I. C. ANDERSON, E. A. CANUEL, AND S. A. MACKO.
2001a. Nitrogen cycling through a fringing marsh-aquifer
ecotone. Mar. Ecol. Prog. Ser. 210: 25–39.

———, S. A. MACKO, I. C. ANDERSON, E. A. CANUEL, AND J. W.
HARVEY. 2001b. Tracking the fate of a high concentration
groundwater nitrate plume through a fringing marsh: A
combined groundwater tracer and in situ isotope enrichment
study. Limnol. Oceanogr. 46: 1977–1989.

VALIELA, I., AND M. L. COLE. 2002. Comparative evidence that salt
marshes and mangroves may protect seagrass meadows from
land-derived nitrogen loads. Ecosystems 5: 92–102.

WHITE, D. S., AND B. L. HOWES. 1994. Long-term 15N-nitrogen
retention in the vegetated sediments of a New-England salt-
marsh. Limnol. Oceanogr. 39: 1878–1892.

WIGAND, C., R. A. MCKINNEY, M. M. CHINTALA, M. A.
CHARPENTIER, AND P. M. GROFFMAN. 2004. Denitrification
enzyme activity of fringe salt marshes in New England (USA).
J. Environ. Qual. 33: 1144–1151.

ZOPFI, J., T. KJAR, L. P. NIELSEN, AND B. B. JORGENSEN. 2001.
Ecology of Thioploca spp.: Nitrate and sulfur storage in
relation to chemical microgradients and influence of Thio-
ploca spp. on the sedimentary nitrogen cycle. Appl. Environ.
Microbiol. 67: 5530–5537.

Associate editor: Samantha B. Joye

Received: 02 March 2009
Accepted: 04 October 2009

Amended: 11 December 2009

802 Koop-Jakobsen and Giblin


