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Abstract The fate and transport of watershed-
derived ammonium in a tidal freshwater marsh
fringing the nutrient rich Scheldt River, Belgium,
was quantified in a whole ecosystem '°N labeling
experiment. In late summer (September) we added
1>N-NH;} to the flood water entering a 3477 m?
tidal freshwater marsh area, and traced the
ammonium processing and retention in four sub-
sequent tide cycles. In this paper we present the
results for the water-phase components of the
marsh system and compare them to a similar
experiment conducted in spring/early summer
(May). Changes in concentration and isotopic
enrichment of NO3 + NO3, N,O, N,, NH} and
suspended particulate nitrogen (SPN) were mea-
sured in concert with a mass balance study. All
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analyzed N-pools were labeled, and 49% of the
added "NHj was retained or transformed. The
most important pool for '°N was nitrate, account-
ing for 17% of 15N-transformation. N,, N,O and
SPN accounted for 2.4,0.02 and 1.4%, respectively.
The temporal and spatial patterns of '°N transfor-
mation in the water phase component of the system
were remarkably similar to those observed in May,
indicating good reproducibility of the whole eco-
system labeling approach, but the absolute
ammonium transformation rate was 3 times higher
in May. While the marsh surface area was crucial
for nitrification in May this was less pronounced in
September. Denitrification, on the other hand,
appeared more important in September compared
to May.
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Introduction

Tidal freshwater and oligohaline marshes are
distinct features of inner estuaries and important
nutrient filters. Nevertheless, the dynamics of
nitrogen cycling in tidal freshwater marshes are
not well understood (Bowden 1986; Merrill and
Cornwell 2000). Most of what is known comes
from tidal input/output studies, which are prone
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to large errors and yield limited information
about the nature and spatial and temporal distri-
bution of the underlying processes.

The relatively new technique of tracing stable
isotopes through intact aquatic ecosystems has
provided increased understanding of N processing
in a diverse range of systems such as groundwater
plumes (Tobias et al. 2001), lakes (Kling 1994),
streams (e.g. Peterson et al. 1997; Tank et al. 2000;
Hamilton et al. 2001, Merriam et al. 2002; Ashke-
nas et al. 2004; Mulholland et al. 2004), and small
estuaries (Holmes et al. 2000; Hughes et al. 2000;
Tobias et al. 2003). Recently Gribsholt et al.
(2005) applied the whole ecosystem °N technique
to a nutrient-rich tidal freshwater marsh system
and revealed that nitrification is one of the funda-
mental processes regulating N-cycling during
spring/early summer (May). While a substantial
fraction of the flood water derived ammonium was
biogeochemically transformed, relatively little
nitrogen was retained within the marsh ecosystem.
Although this '°N labeling experiment revealed
whole ecosystem transformation rates that would
have been difficult to obtain by traditional
approaches (Schindler 1998; Holmes et al. 2000), it
provided only a ‘snapshot’ of the ecosystem func-
tioning. Seasonally variable factors, such as nutri-
ent loading, developmental stage of macrophytes
and associated microbial community, and tem-
perature potentially influence the ecosystems
nutrient transformation rates and pathways. Fur-
thermore, due to the nature and scale of whole
ecosystem labeling studies, true replication of
these experiments is not possible, leaving the
approach open to criticism, but they do provide
ecological insight (Carpenter 1989; Schindler
1998). In order to (1) investigate seasonal differ-
ences in marsh nitrogen retention and transfor-
mation, and (2) examine the robustness of the
whole ecosystem labeling approach, we conducted
asecond in situ '’N-NHJ whole ecosystem labeling
experiment in the same tidal freshwater marsh.
This second experiment was deliberately sched-
uled in late summer (September), when macrophytes
are in a flowering or early senescent state, to maxi-
mize the contrast with the first experiment in May,
when plants were young and building up biomass.

Here we present the result of the water-phase
component of this second marsh labeling experiment
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and compare them to the May experiment. Our
results revealed that while the marsh surface area
was crucial for nitrification in May (Gribsholt
et al. 2005), this was less pronounced in Septem-
ber. Denitrification, however, appeared more
important in September compared to May. The
similarity in the temporal and spatial patterns of
N transformation to those observed in May
implies that this type of unconfined, whole eco-
system stable isotope labeling studies are repro-
ducible and thus providing robust biogeochemical
information at the appropriate field scale.

Methods
Study area and "N addition

The study was conducted in the Tielrode tidal
freshwater marsh fringing the Scheldt and Durme
Rivers, Belgium (51°06” N, 4°10” E). The Scheldt
estuary and its feeding rivers are rich in nutrients
(Soetaert et al. 2006) and fringing marshes in the
Scheldt estuary are therefore characterized by
large, fast-growing helophytes (Verhoeven et al.
2006). A 3477 m? triangular-shaped study marsh
was enclosed by dikes on two sides and a 1 m high
wooden wall on the remaining side. Flood water
labeling and water sampling was conducted from
a 4.5 m sampling platform spanning the width of
the only creek entering the study area. A detailed
description of the study area and the >N addition
procedure is found in Gribsholt et al. (2005).
Labeling was initiated when the first flood
water arrived at the labeling platform on Sep-
tember 11, 2003. The label solution consisted of
1240 g of 10.7% "N labeled ammonium sulfate
((NH4),SO,) and 49 kg of the conservative tracer
NaBr dissolved in 250 1 of MilliQ H,O. In total
180 1 of label solution was added, corresponding
to 141 mol "NHj and 333 mol Br. This
increased the N content of the ammonium pool
to 4.5% and increased the average total NHj
concentration from 20 to 34 umol 17 (73%).

Sampling, analysis and calculations
All creek water sampling and analysis was car-

ried out according to the protocols described
in Gribsholt et al. (2005). Briefly, samples
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were collected 12 times during the main tide
(flood + ebb) and 3 times during low tide (seep-
age phase) for analysis of NHZ, NO3 + NO3, N,O,
N, and suspended particulate N (SPN) concen-
trations and N-isotopic composition, and for
analysis of Br~ concentrations. Dissolved nitrous
oxide (N,O) and dinitrogen (N,) concentrations
and isotopic composition were determined in
headspace gas by gas chromatography coupled to
isotope ratio mass spectrometry (GC-IRMS) and
elemental isotope ratio mass spectrometry (EA-IRMS),
respectively. The isotopic composition of ammo-
nium and nitrate were determined in 30 ml fil-
tered samples in a two step ammonium diffusion
procedure (Gribsholt et al. 2005) followed by
EA-IRMS. Hereafter nitrate plus nitrite
(NO3 + NO3) is referred to as nitrate (NO3).
Bromide concentrations were determined by high-
pressure ion chromatography. Dissolved oxygen,
specific conductivity, temperature, pH and tur-
bidity were recorded continuously (5 min intervals)
during all tides using a Hydrolab Datasonde 3.

All measurements were conducted during five
tides, namely prior to label addition (7_;) to
establish natural abundance levels of °N, at the
time of label addition (7,) and at three sub-
sequent tides (7T}, T, and Ts). The subscript
denotes the tide number relative to '*N addition.
Water trapped (10 cm height intervals, Gribsholt
et al. 2005) above 12 marsh sampling stations
were analyzed for Br™ as described above.

Water phase nitrification rates (WNR) (7-1,
6 times over the tidal cycle) were determined ex
situ from transfer of "’N in ammonium to nitrate
in dark bottle incubations (in situ temperature)
spiked with "NH,CI (98 atom%) to approxi-
mately 2% of the ambient NHZ concentration.
Sediment denitrification was determined in four
representative intact sediment cores (id. 15 cm)
collected prior to 7, using the isotope pair-
ing method (IPM) of Nielsen (1992). Cores
were flooded with creek water entering the site
at the onset of Ty-flood ([NH}] =7 pmol I7");
[NO3] = 335 umol I"™")  spiked with  '°NO;
(500800 pl 1.17 mol !, 99% Na'>NO3, doubling
the ambient [NO3]) and incubated (closed, dark,
stirred) for ~6 h. Total denitrification was calcu-
lated from linear concentrations changes of
excess 2N, and *°N, over time.

Water, total nitrogen and >N budgets for each
tide were calculated from the measured water
flows, water heights and total nitrogen and '°N
pool sizes (Table 1). The total volume of water
covering the study area in a given tide, the
duration of submergence and surface area with
water cover were calculated from the digital ter-
rain model (Gribsholt et al. 2005).

Net ecosystem nitrification rate (ENR) was
calculated from the linear increase in isotopic
enrichment of NO3 during Ty ebb (ENR¢gression)s
and from the net transfer of °N from the added
ammonium pool to the nitrate pool over the first
tide (Ty) (ENR ass-balance) according to Equations
1 and 2 in Gribsholt et al. (2005), respectively.
System based N,O production rate was estimated
using a similar approach. Air-water exchange
fluxes of 'N,O and N, were calculated from the
product of gas transfer or piston velocity (k), and
the available gas exchange water surface area
determined from water height and digital terrain
model (Gribsholt et al. 2005).

Results
Hydrodynamics and creek characterization

The study area is only flooded by the highest
tides, and because most tides were lower than
predicted, a small part of the study area remained
air-exposed (Table 1). As expected, flooding
duration and water volume increased with maxi-
mum tidal height, and ebb lasted 33-45% longer
than flood. While the water budgets were almost
closed for all tides except the very low Ts-tide, the
calculated flood and ebb volumes were signifi-
cantly lower than those estimated by the GIS
model. The discrepancy increased with decreasing
tidal heights. Correcting for a 15% water balance
underestimation suggested by the 7, bromide
mass balance (see below) reduces these discrep-
ancies by 40-80% (Table 1). A portion of the
remaining difference (189 +22 m®) may repre-
sent transient storage in sediment crevices and
between vegetation. Some can also be attributed
to an overestimation by the digital terrain model,
which does not take into account the volume of
the vegetation and plant litter. Furthermore, even
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Table 1 Duration of main tide (flood and ebb), maximum tidal water velocity (creek center), relative area inundated, maximum water height above creek bed
(2.47 m above mean sea level) below measuring platform, water volume estimated from the digital terrain model and calculated water budget computed by mass

balance model during the tides

Tide (nr.)
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Export in %
of total

Import in %
of total

Water budget
Flood Ebb

(m*)

Water

Water

Area

Maximum velocity

Flood

Duration

Balance

(m)

volume? (m?)

inundated  height

(%)

Ebb

Flood Ebb

(min)

volume® (%)

volume®(%)

Seepage

(m)

(m)

(cm)

(ecm s7h

(cm s7h)

(min)

72 [85]
74 [87]
69 [81]
77 [91]
49 [58]

71 [83]
71 [84]

8 [80]
79 [92]
58 [68]

-20 (-2.2)

880 44
895
641

1479

904
911
667
1562
307

1277
1277

103
103

98
98
95
100

32
37
25

23

104
107
103
120

80
79
73

-30 (-3.3)

46
42
52

18
16
24
22

~16 (-2.4)
31 (2.0)

986
1987

95
122

35

86
59

45 (14.7)

47

215

532

78 81

18

78

Values in parenthesis are balances in percentage of flood. Values in [] are corrected for 15% mass balance underestimation (see text)

dCalculated from the digital terrain model and max water height

®Calculated floodwater volume from mass balance model in percentage of water volume estimated from *

“Calculated ebb water volume + seepage from mass balance model in percentage of water volume estimated from *

slight elevation errors can lead to errors in esti-
mating tidal prism.

The temporal patterns of N (dissolved and
particulate) concentrations were generally similar
among all tides, and resembled those observed in
May (Gribsholt et al. 2005). Only the ammonium
and directly correlated (R* =0.76, P < 0.001)
N,O concentrations (data not shown) varied sig-
nificantly between tides. Following an initial de-
crease, ammonium concentration (Fig. 1a)
showed a bell-shaped distribution pattern over
the tidal cycle, with maximum concentrations
(32-52 pmol 1™!) around the turn of the tide. An
exception is the very low Ts-tide, which showed a
more erratic temporal pattern. The exceptional
peak observed in T,-[NH] (68 pmol 17!) was due
to excessive label addition at the turn of the tide
(see below). The nitrate concentrations generally
showed a bimodal distribution curve with maxima
(300-330 umol 1™') mid-flood and -ebb (Fig. 1b).
Ebb nitrate concentrations gradually decreased
to ~200 umol 1! and continued to decrease during
seepage, when [NHJ] concentrations increased
from <10 to ~20 umol 1!, Overall the dissolved
inorganic nitrate pool (DIN = NH} + NO3 +

Flood ~~ Ebb Seepage
80 —o—T, a
— n —— TO
= % —~-T
[] —eo— T2
g_ 404 —O—T5
= 20
0.
_~ 400
‘o
© J
g 300
=
'g“ 200
z
., 100+
%)
0 r T

400 -50 0 50 100 200 400 600
Time relative to high water (min)

Fig. 1 Concentrations of (a) dissolved ammonium (NH3)
and (b) dissolved nitrate and nitrite (NO3 + NO3) in the
creek below the sampling platform as a function of time
relative to maximum tidal height in all five tides. The three
phases of the tidal cycle (flood, ebb and seepage) are
indicated above the figure, with arrow indicating the
direction of the water flow
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NO3) was relatively constant (330-340 pmol 1)
for the main duration of all tides, with NHj
accounting for 3-11% of DIN.

While the suspended nitrogen concentra-
tions (SPN) generally decreased (from 50-90 to
0-20 umol 1™") over the tidal cycle, the turbidity
remained relatively constant (~200 NTU, nephe-
lometric turbidity units), and the water was
always highly O, under-saturated (7.5-52% satu-
ration, 22-159 pumol 1™'), with concentrations
inversely correlated to water height (R* = 0.94,
P < 0.001) (data not shown). Water temperature,
pH, and conductivity varied from 16-19°C,
73-7.6, and 1221 mS m~' between tides,
respectively.

Label distribution

Uniform bromide concentrations in the bulk part
of T, ebb (0.35+0.05 mmol I"!) and in water
traps (0.38 £ 0.09 mmol 17!, n =28) confirm a
successful even distribution of label. An initial
peak (0.77 mmol 1"!) in T}, ebb bromide concen-
tration (directly after the ~80 min period of label
addition to the flood water) revealed label addi-
tion in excess around the abrupt turn of the tide.
This, however, is of little consequence since this
last labeled body of flood water, quickly leaves
the creek, before mixing with the main body of
water covering the study area. Recovery of the
added Br™ in the T\, mass balance was 85%, sug-
gesting that the 7, ebb water volume was
underestimated. FElevated initial flood water
[Br'] (27-74 pmol I™") in subsequent tides compared
to natural abundance levels (12 + 4 pmol I7"),
together with an increase (up to 50 pmol 1)
during late ebb and seepage, resulted in a
completely closed (i.e. no net import or export)
bromide budget for these tides (7—T5s).

The ammonium pool in the T, ebb water was
highly enriched in >N (~5000- 11000%,). Except
for the initial peak in excess concentration of
I5NHZ (1.6 pmol 171), which is attributed to over-
labeling around the turn of the tide (see above),
the excess "NHJ concentration was relatively
constant (0.6 pmol 17!) for the main duration of
T, -ebb (Fig. 2a). Removal of >N from the
ammonium pool during 7, was, however, clearly
evident from the decrease in °NHj: Br~ concentration
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Fig. 2 Excess °N concentration of (a) ’NHj, (b) *NO3,
(¢) °N-SPN, (d) N,O, and (e) N, in the flood water. The
three phases of the tidal cycle (flood, ebb and seepage) are

indicated above the figure, with arrow indicating the
direction of the water flow

ratio from 3.0 x 107 initially to 0.7 x 107> at the
end of the ebb tide (Fig. 3a). In the seepage water
the excess '’N-NHj concentration decreased by
two orders of magnitude (to 10 nmol I"'). In
subsequent tides the initial flood sample of T}
showed significant enrichment (172 9,) of the
ammonium pool, and 7; ebb and seepage water
was also significantly enriched (up to 57 9%,).
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Fig. 3 (a) Ratio between excess 5N in NHj, NO3 and
DIN and conservative tracer Br~ concentrations during 7-
ebb and -seepage (insert shows DI'’N: Br™ on an unbroken
timescale), and (b) ratio between excess '°N in NH} and
NOj3 and the conservative tracer Br~ concentrations from
end of label addition (7;-max) to 7s. Symbols with (+)
indicate seepage phase. Note the different scales on the
x-axis

Slight enrichment was even detectable in the 75
ebb and seepage water (up to 28 %,).

Isotopic enrichment of the nitrate pool was
observed immediately around the turn of the
Ty-tide. During T, ebb the excess ISNO3 con-
centrations  increased  linearly  (R® = 0.82,
P < 0.01) to ~0.27 pmol I™* (Fig. 2b), but subse-
quently decreasing one order of magnitude during

Table 2 >N mass balance budget

seepage. The isotopic enrichment and excess '°N
concentration of the dissolved nitrous oxide
(N,O) pool were linearly correlated (R* = 0.73,
P < 0.01 and R* = 0.94, P < 0.001, respectively)
with those of nitrate (Fig. 2d). Enrichment of
the nitrate pool during Ty is further evident from
the linear (R* = 0.82, P < 0.001) increase in the
15SNO3: Br~ concentration ratio (Fig. 3a), and a
similar linear increase (R = 0.95, P < 0.001) was
observed in the N,O: Br~ concentration ratio
(data not shown). Nitrate in 77 initial flood water
as well as seepage was significantly enriched, as
also evident from the high NO3: Br™ concentra-
tion ratio (Fig. 3b). The isotopic enrichment and
pattern of excess '°N in the particulate nitrogen
pool (SPN) mimicked that of nitrate, but ex-
cess'”"N-SPN was one order of magnitude lower.
A slight increase (1-2 %,) in >N of the N,-pool
was observed during Ty and 77, with an erratic
temporal pattern in excess '°N, concentrations
(Fig. 2e).

Nitrogen transformation rates
and the fate of N

The "N mass balance budget revealed that half of
the added "NHj label was either transformed or
taken up by marsh biota, while the other half
(51%) was exported as ammonium (unprocessed)
during the first tide (Table 2). Nitrification was
quantitatively the most important transformation
process for I5N. After Ty, 7.7% of the added N
was recovered in the nitrate pool, corresponding

Compartment Ty (mmol) T, (mmol) T, (mmol) Ts (mmol)

Label input 1409 (100)

15N exported unchanged (as '°NH,) 715 (51) 715 (51) 715 (51) 716 (51)

15N transformed 694 (49) 694 (49) 694 (49) 693 (49)
NO; + PNO, 109 (7.7) 113 (8.0) 115 (82) 117 (8.3)
5N,O—dissolved 0.1 (0.0) 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)
I5N,O—water—air 0.1 (0.0) 0.1 (0.0) 0.1 (0.0) 0.1 (0.0
SN,—dissolved 1.7 (0.1) 32 0.2) 2.4 0.2) 2.4 0.2)
1SN, —water-air 6.2 (0.4) 13.4 (1.0) 13.4 (1.0) 13.4 (1.0)
SP*N 9.5 0.7) 9.1 (0.6) 8.2 (0.6) 9.2 0.7)
SINKS—stored 56 (3.9) 138 (9.8) 53 (3.8) 57 (4.1)
Balance not accounted for 512 (36) 418 (30) 502 (36) 494 (35)

Recovery in the various N-pools after Ty, 73, T, and T in September 2003 are cumulative, except for SINK where actual
stocks are listed. Numbers in parenthesis are percentage of the total >N added
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to an in situ whole ecosystem nitrification rate
(ENR ass.batance) Of 0.9 pmol 17! h™ (Table 3).
Based on the linear increase (R* = 0.93,
P < 0.001) in excess ’NO3 concentration during
Ty-ebb (Fig. 2b), a higher (2.5 pmol I”' h™') ENR
was obtained (ENR;cgression, Table 3). Both esti-
mates are higher than the average rate
(0.5 0.3 pmol I"' h™") measured in the water
phase (WNR).

Although the dissolved nitrous oxide pool was
significantly labeled, it accounted for <0.01%
due to its low concentrations, and water—air
exchange could only account for another ~0.01%
15N-N,O loss to the atmosphere. The whole eco-
system nitrous oxide production rate was
0.6-1.7 nmol 1! h™!, resulting in a system based
NO3: N,O ratio of 1407:1- 1462:1. A slightly
larger fraction (~0.22% of label) was recovered in
the dissolved N,-pool, with 77 being most
enriched. Estimated water—air exchange could
account for up to 6.2 mmol '*N-N, to the atmo-
sphere, corresponding to 0.44 % of added label
during 7, and a further 7.1 mmol during 7.
Cumulative >N, loss (assuming a piston velocity
(k) of 50 cm h™") could account for as much as
1% of the added label. The closed core incuba-
tions revealed high sediment denitrification rates
(0.4-2.0 mmol N, m™> h™!), with highest rates
observed in unvegetated sediments. Assuming an
average denitrification rate of 1.0 mmol m™> h™!
throughout the entire 3477 m*> experimental
marsh, and that 0.1% of the nitrate pool was la-
beled (based on measured [excess “NO3]/
[NO3]), approximately 3% (42 mmol) of the

added N label could be removed through deni-
trification during the first tide.

About 1% of the label was recovered in the
suspended particulate pool (SPN) and collectively
the marsh sinks (sediments, plants, roots, plant
litter) accounted for 4-10% of the added label
(Gribsholt et al. unpublished data). A large frac-
tion (30-36%) of the label could not be recovered
and is most likely transferred to the dissolved
organic nitrogen (DON) pool (and subsequently
exported during ebb) or denitrified during emer-
sion (and then lost to the atmosphere) (see
Gribsholt et al. 2005). Correcting the >N mass
balance budgets for the 15% underestimation
suggested by the T, ebb bromide budget (see
above), reduces the fraction that is unaccounted
for to 20-26% and increases ENR . balance tO
1.01 pmol "' h™',

Discussion

The data presented here are from an experiment
conducted in September 2003, and despite dif-
ferences in NO3z: NHj ratios and macrophyte
community composition, the temporal and spatial
patterns of "°N transformation in the water phase
component of the system are remarkably similar
to those observed in May 2002 (Gribsholt et al.
2005). Among the most striking similarities are
the tidal patterns of concentrations; the patterns
of label distribution; the instant and linear in-
crease in isotopic enrichment of NO3 and N,O;
the instant, linear increase in the NO3: Br~

Table 3 Nitrification rate in the water phase (WNR, n = 6) and whole marsh ecosystem (ENR) in May and September

Compartment Method Nitrification rate (umol I™" h™")
May? September
Water phase I5N bottle incubations 05+0.1 05+£0.3
Whole ecosystem ENth"egression 4.6 (2.4) 2.5 (0.7)
ENRgnass—balance 2.0 (11) 0.9 (02)
Nutrient mass balance -731t0212 -3.3 10 22.0

Numbers in parenthesis are rates recalculated to rate per inundated marsh surface area (mmol m™ h™'). Water phase
incubations were done during 7_,, while whole ecosystem rates were determined from 7

#Data from Gribsholt et al. 2005

"Determined according to Equation #1 in Gribsholt et al. 2003, see text for details

¢ Determined according to Equation #2 in Gribsholt et al. 2003, see text for details

dAll tides, derived from NO3 mass balance
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ratio; and a very high NO3: N,O ratio. The
striking similarity in label distribution and high
recovery rates on both occasions support that our
results are quite robust and the September
experiment presented here thus validates previ-
ous findings (Gribsholt et al. 2005).

However, there are also conspicuous differ-
ences, including the much lower ammonium
concentrations; shorter inundation durations; a
significantly higher degree of labeling; and a sig-
nificantly higher recovery of "N in the dinitrogen
pool in September compared to May. The dis-
cussion focuses on these main similarities and
differences.

Ideally, flooding regimes and degree of label-
ing should have been similar on both occasions.
Unfortunately, the September tides were lower
than predicted. Consequently marsh inundation
periods were shorter compared to May, and a
significantly smaller reactive plant and litter sur-
face area was inundated. Thus nitrification and
denitrification in the periphyton on plant shoots
and litter, where rates (expressed per shoot area)
are very high (Erikson and Weisner 1999; Toet
et al. 2003), may therefore have been limited in
September compared to May. Thus rates of eco-
system nitrification and denitrification would
potentially have been higher in September if the
inundation regime was similar to the May cam-
paign. The difference in total amounts of ammo-
nium processed would thus have been smaller
(Fig. 4b, see below). This effect may, however, be
counteracted by a reduced importance of
periphyton associated nitrogen processing in
September due to increased shading (Toet et al.
2003).

The value of using in situ tracer additions to
study ecosystem nutrient dynamics is that the
processes can be examined under ambient con-
ditions, without making a priori or biased
assumptions about the most important ecosys-
tems compartments and the artifacts resulting
from stimulation of process rates by temporarily
increasing nutrient concentrations (nutrient
enrichment studies), or artifacts associated with
the use of enclosures (microcosm studies)
(Mulholland et al. 2000). In the September °N
labeling experiment, however, the lower than
expected tidal inundation combined with low
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Fig. 4 (a) Amount of recovered "°N in the various pools
after T, in May and September (not exported as >NH}),
and (b) average total marsh ammonium transformation
rates based on recovery of '°N label after one tide (T)

ambient ammonium concentrations resulted in a
substantial (73%) increase in the total average
ammonium concentration and a higher degree of
>N labeling (4.5%) compared to that in our
previous study (1.5%). Thus the basic assumption
that the added "N label does not accelerate in
situ rates but merely substitutes for ambient N
may not be entirely met in the September
experiment and ammonium process rates may
have been slightly overestimated. However, in
this very nutrient-rich system ammonium is likely
not limiting, and despite the induced minor per-
turbation the isotope labeling approach clearly
revealed in situ pathways not otherwise obtain-
able. Moreover, the in situ N addition approach
is perhaps the only way to obtain reliable whole
system N-transformation rates, because conven-
tional mass balance approaches are usually prone
to such error that few conclusions can be drawn.

The relative fate of the added >N was surpris-
ingly similar in May and September (Fig. 4a). On
both occasions nitrate was the most important
pool for processed '’NHJ, accounting for 8.7 and
7.7% of the added label, or 32 and 17% of the
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transformed label (i.e. not exported as "’NH}) in
May and September, respectively. Nitrification is
directly evident from the direct transfer of '°N
from the added ammonium pool to the nitrate
pool (Fig. 2b). As in May, enriched nitrate was
also exported from the marsh in the following
tides, and while the dissolved ammonium was only
labeled during 7 in May, some enrichment was
also observed in subsequent ebb tides during
September. This suggests that the marsh acts as at
least a temporary sink for N, either through pore
water DIN exchange, sorption or rapid assimila-
tion by microbes and subsequent mineralization.
Whole ecosystem nitrification was lower in Sep-
tember than in May (Table 3), while water-col-
umn nitrification was similar, indicating that
sediment nitrification was lower. Bodelier et al.
(1996) reported that oxygen releasing plants (like
those found in the marsh) stimulate the numbers
and activity of nitrifying bacteria in sediments
during spring and early summer, but not in late
summer where a combination of an increasing
oxygen and/or nitrogen demand by bacteria in the
sediment in concert with a decrease in the amount
of oxygen released by plants results in inhibition
of nitrifiers over the course of the growing season.
Less contact between flood water and periphyton,
due to less extensive submergence, could also
contribute to the observed differences as dis-
cussed above. Furthermore, benthic algae cover
was considerably reduced in September compared
to May. Photoautotrophic benthic oxygen pro-
duction could potentially enhance benthic nitrifi-
cation in May, whereas more reduced conditions
in surface sediment in September would favor
denitrification (see below).

Concurrent with the isotopic enrichment of the
nitrate pool a clear increase in §'°N,O occurred.
Similar to the May study the increase in §'°N,O
even exceeded the increase in 6'°NO3, indicating
that nitrous oxide production is largely due to a
direct transfer from ammonium via nitrification
(promoted by hypoxic conditions; Goreau et al.
1980; de Bie et al. 2002), rather than denitrifica-
tion. The slightly higher average system based
NO3: N,O ratios compared to May (1435:1 vs.
1052:1), might suggest that relatively more of the
N,O produced via nitrification is consumed by
denitrification in September. However, NOj3:

N,O ratio also depends on other environmental
conditions, in particular low oxygen availability
(de Bie et al. 2002).

Contrary to May, a significant, albeit low, iso-
topic enrichment in dissolved N, was observed
not only during T but also in subsequent tides,
suggesting that denitrification was more impor-
tant in September. Sediment core incubation
supports this, as rates in unvegetated creek bank
sediment were 4 times higher in September
(20 mmol m™ h™', isotope pairing method) than
in May (0.5 mmol m™ h™', membrane inlet mass
spectrometry), but we cannot exclude that this dif-
ference is partly related to difference in method-
ology. However, ecosystem based results may be
biased because the much higher degree of label-
ing allowed for a better detection of dissolved
15N, in September, and only a limited number of
sediment core denitrification measurements were
conducted. Direct estimates of ecosystem deni-
trification cannot be obtained from our '°N data,
since the marsh was labeled with ">’NHJ rather
than '°NOg3, and since sediment—air gas exchange
during emersion was not determined. However,
the conservative estimate (based on average
denitrification rate in core incubations and
assuming 0.1% '°N labeling of the nitrate pool;
see Results) of 42 mmol '°N, (~3% of the added
label) potentially being produced in the first tide
is in good agreement with the water—air flux cal-
culations and thus supports their validity.
Furthermore, an enhanced importance of deni-
trification in September is supported by the
higher NOj3: N,O ratios as discussed above.

Although the total amount of °N, and the rel-
ative distribution of >N recovered in the various
compartments was quite similar between the two
campaigns (Fig. 4a), the corresponding total
ammonium processing rates on a marsh surface
area basis varied greatly (Fig. 4b). This is mainly
due to a combination of a 5 times lower total in
situ flood water ammonium pool and a higher
relative >N (4.5% of the ammonium pool) con-
centration in September. Thus, the absolute
amount of ammonium processed in the marsh was
3 times higher, and >5 times more ammonium
was nitrified, in May compared to September.
These findings suggest that flood water ammo-
nium concentration is the key determinant for
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ammonium removal in tidal freshwater marsh
ecosystems (given similar temperature and water
retention time).
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