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Abstract: We measured benthic fluxes of dissolved nutrients in subtidal sediments and intertidal soils
associated with river-pulse events from Mississippi River via the operation of a river diversion struc-
ture at Caernarvon, LA. Experiments measuring benthic fluxes in subtidal habitats were conducted
during the early spring flood pulse (February and March) each year from 2002 to 2004, compared to
benthic fluxes of intertidal habitats measured in February and March 2004. Nitrate (NO3

−) uptake
rates for subtidal sediments and intertidal soils depended on overlying water NO3

− concentrations
at near-, mid-, and far-field locations during river-pulse experiments when water temperatures were
>13 ◦C (NO3

− removal was limited below this temperature threshold). NO3
− loading to upper

Breton Sound was estimated for nine river-pulse events (January, February, and March in 2002, 2003,
and 2004) and compared to NO3

− removal estimated by the subtidal and intertidal habitats based on
connectivity, area, and flux rates as a function of NO3

− concentration and water temperature. Most
NO3

− removal was accomplished by intertidal habitats compared to subtidal habitats with the total
NO3

− reduction ranging from 8% to 31%, depending on water temperature and diversion discharge
rates. River diversion operations have important ecosystem design considerations to reduce the
negative effects of eutrophication in downstream coastal waters.

Keywords: subtidal sediments; intertidal wetland soils; benthic fluxes; denitrification; flood pulse;
delta restoration; ecosystem design

1. Introduction

Diverting freshwater from the Mississippi River into adjacent coastal wetlands and
estuaries is one approach to the comprehensive restoration plan being implemented in
coastal Louisiana to reduce delta degradation [1,2]. The concept of reconnecting the river
to its floodplain as a means of restoring wetlands is rooted in the river-pulse concept of
enhancing biological productivity and maintaining diversity in a river-floodplain ecosys-
tem [3–6]. This idea evolved from the river continuum concept [7], which describes the
development of the structure and function of biotic communities along a longitudinal gra-
dient in dynamic equilibrium with the physical environment [8]. The pulsing water-flow
regime from river diversions supplies coastal wetlands with freshwater, sediments, and
nutrients, enhancing productivity, vertical sediment accretion, and marsh stability [6,9–12].
The first major freshwater diversion to begin operation in 1991 along the lower Mississippi
is located at Caernarvon, LA, about 32 km south of New Orleans. The Caernarvon diver-
sion structure is designed with a maximum pulse of 227 m3/s and impacts the wetlands
of the upper Breton Sound Estuary [13]. The largest sediment diversion project being
designed for the mid-Barataria coastal basin is rated at 2124 m3/s, which will be one of the
largest river diversion projects in the country. These diversions are part of a comprehensive
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approach to utilize the river-pulse of the Mississippi River to reduce wetland losses in
Mississippi River Delta [14].

The increased use of diversion structures to deliver controlled river-pulses from the
Mississippi River to nourish coastal wetlands has also caused concern about the water
quality standards of downstream coastal basins [15,16]. The effects of nutrient loading
from a river river-pulse on the eutrophication of coastal bays and estuaries in the northern
Gulf of Mexico have increased over the past several decades [17]. Nitrogen is most often
the limiting nutrient for primary productivity in estuarine and coastal waters, and nitrate-
nitrogen (NO3

−) concentrations in the Mississippi River have more than doubled over
the last few decades since the 1950s [18–20]. Increases in NO3

− concentrations in the
Mississippi River are due to the increasing use of nitrogen fertilizer for agricultural lands in
the river basin, and increased nitrogen loading has exacerbated the incidence and severity
of hypoxic water formation in Louisiana’s coastal waters [21]. In addition to hypoxia,
loading of dissolved nitrogen and phosphorous to estuaries can stimulate harmful algal
blooms that may harm oysters, alter food web structure, or cause fish kills [17]. There is
concern that those freshwater pulses from river diversions may result in the eutrophication
of estuarine waters, causing water quality problems in coastal basins that are intended to
benefit from wetland restoration [12,22,23].

Biogeochemical transformations in subtidal sediments and intertidal soils can control
the fate of nutrients introduced to coastal basins during freshwater pulses [6,12,22,23].
These transformations result not only in changes in the chemical forms of river nutrients
introduced to coastal basins, but also affect the mass balance or loading of nutrients to any
particular region of the system. The import and export of inorganic and organic matter,
water column-sediment exchange, plant uptake, and the removal of nutrients from a coastal
basin via immobilization or losses of nutrients to the atmosphere control the water quality
conditions of downstream estuarine ecosystems in response to upstream riverine inputs
(Figure 1). Subtidal sediments in channels are the primary source of contact with riverine
waters during river-pulse events, although this nutrient exchange is restricted to the bottom
of the water column. Intertidal wetlands are natural sinks for nutrients, particularly NO3

−

nitrogen, because of high rates of denitrification resulting from reduced soil conditions.
Yet, the percent time that the wetland is inundated controls the contribution of this process
to removing nutrients from river waters introduced to coastal basins [24–29]. Thus, the
routing of river water among subtidal and intertidal habitats during a diversion-pulse
event will control the fate of nutrients from upstream tidal freshwater to downstream
estuarine ecosystems [13,25,30].

There are very distinct differences in water flow characteristics of river-pulse waters if
routed along channels and bays of the outfall region compared to connectivity of waters to
intertidal wetland platforms. River-pulse events typically have flows within the channels
that have a high Reynolds number and are described as turbulent, consisting of many
overlaying eddies that arise from the velocity of water combined with minute topographical
effects [31]. When water levels reach a stage that allows overbank flows into wetland
platforms, flows are often reduced but can still be turbulent depending on velocity and
topographical effects of the wetland surface and vegetation [31,32]. The relative thickness
of the boundary layer at the sediment-water interface controls benthic fluxes in subtidal vs
intertidal habitats, as indicated by the Reynolds number across these habitats. The velocity
and depth of diverted water during a river-pulse event over subtidal and intertidal habitats
also establish very distinct water temperature gradients in the two environments, which can
control the biogeochemical transformations that occur at the sediment-water interface in
both habitats. For example, the connectivity of channel and floodplain environments in the
Wax Lake Delta have demonstrated that water residence time in coastal deltaic floodplains
can increase water temperatures of channel water flowing into wetland platforms [24].
This connectivity can have significant control on the fate of NO3

− transported across delta
landscapes [33,34]. The connectivity of subtidal and intertidal habitats may determine
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how nutrients are processed in the outfall area of coastal basins and thus determine their
vulnerability to potential eutrophication during river-pulse events.

The connectivity of subtidal and intertidal habitats during river-pulse events during
diversion operations decrease with increasing distance from the diversion structure. In
the outfall region of the Caernarvon diversion structure, sediment deposition rates were
highest within 6 km of the diversion and were substantially lower at >10 km from the di-
version [6,13]. There was also a general pattern that sediment deposition rates were higher
at the marsh edge, or fringe, than at the interior. Porewater salinities of intertidal wetlands
increased with distance from the diversion from 0 to 2.0 g/kg in near- and mid-field sites
compared to 1.5–10 g/kg at far-field sites. Porewater concentrations of ammonium (NH4

+)
and soluble reactive phosphorus (SRP) in intertidal wetlands decrease with increased
distance from the diversion structure ranging from 98.9 µM at near-field sites to 10.8 µM at
far-field locations [6]. Mean annual SRP concentrations showed the same general pattern
as NH4

+, ranging from 6.6 µM to 1.2 µM at near-field and far-field locations, respectively.
These decreasing concentrations of suspended sediment and surface water and porewater
nutrients with increasing distance from the diversion in the upper Breton Sound indicate
that biogeochemical processes shift with distance downstream from diversion structure.
We established a field experiment to determine factors controlling rates of nutrient ex-
change across sediment-water interface in subtidal and intertidal habitats to determine
their contribution to the patterns of nutrient distribution in the upper outfall regions of a
diversion during river-pulse events. Total input and removal rates of NO3

− were estimated
for nine river-pulse events for the upper Breton Sound region to compare with system level
estimates of NO3

− removal efficiencies to provide insights concerning how best to operate
diversions to reduce nitrogen loading to downstream estuarine ecosystems.
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Figure 1. Schematic that describes the role of benthic fluxes as potential sinks of nitrogen in Breton
Sound as influenced by both subtidal sediments and intertidal wetlands by burial and denitrification.
(B = biogenic nutrients; I = Inorganic nutrients; G = gaseous nutrients; S = nutrient sequestration).

2. Materials and Methods
2.1. Study Site

Breton Sound Estuary (Figure 2), located on the Mississippi Deltaic Plain in southeast
Louisiana, consists of 1100 km2 of fresh, intermediate, brackish, and saline wetlands [26].
The estuary is hydrologically bounded to the west by the levee along the Mississippi River,
to the north by the natural levees of Bayou La Loutre, and to the east by the spoil banks of
the Mississippi River Gulf Outlet navigation canal. The Caernarvon freshwater diversion
(Figure 2), located on the east bank of the Mississippi River near Caernarvon, LA, delivers
water from the Mississippi River into the upper part of Breton Sound when gates are open
to hydraulic flow [13]. The Caernarvon diversion was completed in 1991, representing the
first major river diversion designed to control salinity distributions as a means of coastal
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restoration along the lower Mississippi River Delta. The diversion structure consists of five
box culverts with vertical lift gates, and the entire structure has the capability of diverting
226 m3/s of water. Typically, the marshes in the upper part of Breton Sound are flooded by
a diversion flow rate of around 115 m3/s [13]. Big Mar was constructed as a settling basin
for the diversion and is an upstream reference station of freshwater and sediments from
the Mississippi River that flow through the river diversion structure. The upper part of the
estuary consists of fresh marshes dominated by Sagittaria lancifolia and Eleocharis spp., and
the mid-estuary is composed of mesohaline wiregrass communities typically dominated by
Spartina patens. Wetlands in the lower part of the estuary are characterized by polyhaline
oystergrass communities dominated by Spartina alterniflora and Juncus roemerianus [35].
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This study established specific operating schedules of the Caernarvon river diversion
structure with the Louisiana Department of Natural Resources to coincide with field
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measurements to test the fate of nutrients delivered by freshwater river-pulse events to the
outfall area in the upper Breton Sound [6,36]. These operational schedules are referred to as
river-pulse experiments and include three high-flow (>112 m3/s) events in the early spring
(January, February and March) each year from 2002 to 2004. The effects of these controlled
experimental river-pulses were carefully monitored and examined during February and
March of each year for a wide array of physical, biogeochemical, and ecological parameters
of water and subtidal and intertidal habitats [6,13,36]. We report sediment-water fluxes in
subtidal and intertidal habitats during selected river-pulse events to examine the spatial
and temporal patterns of potential nutrient fluxes as Mississippi River flows into the
outfall area of a coastal basin. Results of these fluxes allowed us to specifically analyze
the conditions promoting the removal of NO3

− from diverted waters in the outfall region
under different operational features of a river diversion.

2.2. Subtidal Benthic Fluxes

Sediment cores with 15 cm diameter were taken seasonally at five locations with
increasing distance from Big Mar, including one near field (NF) site (in Big Mar, NF-1), two
mid-field (MF) sites (west (MF-1) and east (MF-2) areas of Lake Leary), and two far-field
(FF) sites (one at Grand Lake (FF-1) and the other at Little Lake (FF-2)) (Figure 2). Three field
campaigns were conducted sampling subtidal sediment cores from each of five locations
with subsequent incubations in the laboratory during freshwater pulse events in February
and March 2002, 2003, and 2004. Benthic nutrient exchange rates were estimated using
a continuous flow system [25,37,38]. The setup for all ambient experiments was similar
(Figure 3d), using 18 individual cores incubated in a continuous flow of overlying filtered
water (0.1 µm) from the respective subtidal sites (Table 1). Dissolved oxygen and inorganic
nutrients of the overlying water in each core was sampled several times at time intervals
equivalent to a complete turnover of water in each core after reaching equilibrium [25].
Exchange rate calculations are based on concentration differences between the influent and
effluent lines and corrected for a control core with filtered water and no sediment.

Besides these ambient benthic fluxes at five fixed subtidal stations, manipulations were
performed on selected cores from field sites to test the response of nutrient fluxes with a
combination of manipulations. One manipulation measured benthic fluxes from NF-1 (Big
Mar) and FF-1 (Grand Lake) incubated with ambient water amended with enriched NO3

−

concentration in the overlying water. Three manipulations at NF-1 included ambient NO3
−

concentration (40 µM) and two nitrate enrichments of 100 and 155 µM. Three manipulations
at the FF-1 site included ambient NO3

− concentration (0.2 µM) and two NO3
− enrichments

of 27 µM and 166 µM. In another manipulation, benthic fluxes were measured at MF-2
(Lake Leary) with ambient water (0.2 µM NO3

−) enriched with 38, 93, 131, and 148 µM
NO3

−. Finally, the far-field site at Grand Lake (FF-1) was manipulated by comparing fluxes
at ambient NO3

− concentrations compared to fluxes when water from Big Mar (near-field
site) was added to simulate ambient NO3

− concentrations of a river-pulse. These latter
manipulations were performed during each river-pulse event in February and March in
2003 and 2004. The ambient and manipulated concentrations of NO3

− included increases
from 24 to 53 µM in February 2003, 37-102 µM in March 2003, 10–54 µM in February 2004,
and 0.4–110 µM NO3

− in March 2004 (Table 1). Finally, experiments using ambient filtered
water were performed on all five subtidal sites in July 2002 to test for effects of warmer
water temperature conditions on benthic fluxes.
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Table 1. Physical and chemical characteristics of ambient overlying water in the five stations studied during six pulse
experiments.

Subtidal Stations * Subtidal Stations *
Date NF-1 MF-1 MF-2 FF-1 FF-2 Date NF-1 MF-1 MF-2 FF-1 FF-2

Water Temperature (◦C) NO3
− Concentration (µM)

Feb 2002 9.0 8.7 10.4 12.0 nd ** Feb 2002 74.1 74.7 80.3 22.3 nd
Mar 2002 10.4 12.3 14.3 16.6 nd Mar 2002 98.8 95.7 88.8 33.8 nd
Feb 2003 9.4 10.6 13.1 15.5 15.2 Feb 2003 53.2 53.8 62.3 24 52.7
Mar 2003 12.8 15.6 21.5 21.9 21.0 Mar 2003 101.8 88.7 78.3 36.8 51.4
Feb, 2004 7.6 8.4 13.2 13.7 13.0 Feb, 2004 55.2 54.1 54.1 9.8 54.1
Mar, 2004 13.1 17.5 18.9 20.1 21.6 Mar, 2004 109.8 83.6 93.3 0.41 109.8

Conductivity (µS/cm) NH4
+ Concentration (µM)

Feb 2002 327 339 408 716 nd Feb 2002 5.49 5.84 6.57 3.49 nd
Mar 2002 473 456 435 794 nd Mar 2002 5.84 5.02 4.77 2.66 nd
Feb 2003 333 363 418 665 482 Feb 2003 5.67 5.78 7.21 1.45 5.26
Mar 2003 319 322 326 630 393 Mar 2003 1.12 0.92 0.62 0.33 0.23
Feb, 2004 264 264 264 601 264 Feb, 2004 4.35 4.55 4.55 0.6 4.55
Mar, 2004 335 352 367 759 1605 Mar, 2004 1.6 1.78 1.84 1.79 1.56

Dissolved Oxygen (mg/L) SRP Concentration (µM)
Feb 2002 11.17 10.76 11.05 10.96 nd Feb 2002 1.29 1.15 1.23 0.71 nd
Mar 2002 9.67 9.89 9.85 10.26 nd Mar 2002 1.69 1.09 1.45 0.85 nd
Feb 2003 9.19 9.53 9.35 9.56 9.38 Feb 2003 0.75 0.84 1.20 0.63 1.06
Mar 2003 9.34 9.21 9.54 9.36 9.14 Mar 2003 1.36 1.38 1.22 0.36 0.61
Feb, 2004 nd 10.43 10.43 10.88 10.43 Feb, 2004 1.01 0.95 0.95 0.85 0.95
Mar, 2004 8.59 9.06 8.87 8.78 8.62 Mar, 2004 1.7 1.58 1.44 0.6 1.66

* NF-1 is near field located at Big Mar; MF-1 is mid field located at Lake Leary west; MF-2 is mid field located Lake Leary east; FF-1 if far
field located at Grand Lake; FF-2 is far field located at Little Lake; all stations in Breton Sound. ** no data.
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2.3. Intertidal Benthic Fluxes
2.3.1. Flux Chambers

Intertidal benthic fluxes were measured using a modification of the batch sediment
core incubation method [39,40]. Flux chambers were designed to measure intertidal benthic
fluxes using intact sediment cores sampled from three sites at increasing distance from
the river diversion. A near-field (NF) site was established 1 km from the diversion at
Big Mar along Manuel Canal, a mid-field (MF) location 5 km along Manual Canal, and a
far-field (FF) location 10 km downstream at Spanish Lake (Figure 2). Spatial differences
in intertidal benthic fluxes between the fringe (<10 m from channel) and interior (>50 m
from channel) zones were also examined at the NF and FF sites for a total of five sites of
intertidal habitat tested. Three 20-cm diameter cores were extracted from each site with
intact soil-plant material to examine nutrient exchanges between the soil surface and the
overlying water. The three intact cores from each of five sites were transported to a field
station near the MF location. The three cores from each site on each day were mounted
into one plexiglass incubation sampling chamber, and each chamber was considered an
experimental (sampling) unit (Figure 3a,b). The sampling and incubation protocols were
repeated for three days and were considered replicates.

The marsh incubation chambers were placed in large (200 L) tubs that contained
ambient water from a nearby channel circulating to control water temperature to near
ambient levels. Ambient river water (20 L) collected from the outfall channel near the
river diversion structure was gently added to each chamber and circulated with small
circulation pumps during incubation. An additional marsh-flux chamber, with no cores
attached, was filled with 20 L of ambient water and used as a water-column control. Water
samples (200 mL) were collected from each chamber at the start of the incubation, and at
1.5 h intervals for a 6-h incubation period. Benthic fluxes of dissolved nitrogen (NH4

+,
NO3

−, NO2
−, dissolved organic nitrogen (DON)) and dissolved phosphorus (soluble

reactive phosphorus (SRP) and dissolved organic phosphorus (3.4)) were measured at each
intertidal site during two river-pulse events in February and March 2004.

2.3.2. Flumes

We modified a flume approach [41–43] to test benthic nutrient fluxes at more ambient
conditions of sheet-flow across intertidal habitats. The flume design represents an upstream-
downstream mesocosm that tracts change in nutrient concentration in sheet-flow over
the marsh surface at the soil-water interface [44]. Parallel flume walls were constructed
by connecting corrugated plastic panels (1.4 m wide by 2.5 m long) to produce flume
structures (Figure 3c). The flume walls were 4 m apart, and the entire length of each
flume was 100 m. Flumes were constructed at two sites in upper Breton Sound Estuary
including a near-field (NF) flume 3.0 km downstream (29◦49′18.07′′ N, 89◦54′18.35′′ W) and
a flume 7.7 km downstream (29◦46′58.86′′ N, 89◦56′3.63′′ W) from the Caernarvon diversion
outfall canal. The MF flume was only functional during the March 2004 river-pulse event.
Individual samples were collected at upstream and downstream points simultaneously
every 2 h for the duration of the sampling period. Samples were collected 10 cm above
the soil surface using an automatic water sampler (ISCO 3700 Full-Size Portable Sampler,
Teledyne, Thousand Oaks, CA, USA). Flow data were recorded continuously throughout
the river-pulse events with a SonTek Argonaut ADV located 3 m north of the downstream
point of each flume. Each flow meter was placed 10 cm above the soil surface to measure
flow mid-depth of the water column. Two YSI 600XLM data sondes were placed outside
each of the two flume sites near the upstream and downstream locations to measure water
levels, specific conductivity, and water temperature.

2.4. Landscape Nutrient Surveys

Two types of landscape survey were conducted to measure water quality of sheet-
flow over intertidal wetlands during river-pulse events from Big Mar south to Oak River
(Figure 2). A 1200-m water quality transect was established 180.6 degrees south from the
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NF flume by sampling approximately 75 m apart using an airboat during the March 2004
river-pulse. Water samples at about mid-depth of the sheet-flow over the marsh surface
was sampled for NO3

− concentration, water temperature, conductivity, pH, SRP, and
NH4

+. A second survey was established, sampling sheet-flow exiting the marsh surface
along a canal transect from 29◦47.58.47 N, 89◦57.17.77 W to 29◦47.5.25 N, 89◦56.19.85 W, a
distance of approximately 2.4 km with four sampling stations equally distanced 600 m apart
during the March 2004 river-pulse event. Measurements included NO3

− concentrations at
each location.

2.5. Analytical Techniques
2.5.1. Sediment Samples

Three 10-cm diameter soil cores were collected at each intertidal wetland site to a
depth of 10 cm in March 2004. The cores were weighed before and after drying at 60 ◦C
to constant weight to estimate soil bulk density. Dried cores were ground with a Wiley
Mill, homogenized, and used to measure total soil carbon and nitrogen with an Elemental
Analyzer NA2500 using standard protocols. C:N ratios were calculated for each site
and location.

2.5.2. Water Samples

Water samples collected during the subtidal benthic experiments were filtered through
GF/C filters and analyzed for nutrients using standard colorimetric techniques [45,46]
on a Lachat Instruments Quickchem FIA+ 8000 Series Automated Ion Analyzer. Samples
collected during the intertidal chamber-flux experiments were processed as follows: two
unfiltered 60-mL samples were analyzed for total nitrogen (TN) and total phosphorus (TP).
Water samples were filtered using 0.4-µm glass fiber filters and frozen immediately after
processing. Each water sample was analyzed for Si, NH4, NO2, NO3

−, SRP, total dissolved
nitrogen (TDN), and total dissolved phosphorus (TDP) based on methods described for
subtidal experiments. Dissolved inorganic nitrogen (DIN) was calculated summing the
concentrations of NH4, NO2, and NO3

−. The same techniques were used to analyze
chemical constituents for water samples collected during the intertidal flume experiments.

2.6. Statistical Analyses
2.6.1. Subtidal Benthic Fluxes

Repeated measures analysis of variance (ANOVA) was used to test the difference
in nutrients and dissolved O2 fluxes among experimental sites in each of the river-pulse
events. We used repeated measures for the three repeated sampling events of an individual
core over time to confirm that each core achieved a steady state (no significant difference
over time in each core) during the sampling period [25,38]. Site and pulse-event differences
were tested using one-way ANOVA by treating the results from the five experimental sites
and two pulse events by year as a whole. Significant differences were also tested on the
interaction between pulse-events nested in zones (near-, mid- and far-field sites) using
ANOVA. When differences were significant at a 95% confidence level, Tukey’s HSD post
hoc test was used to perform all pairwise comparisons and letters designated significant
differences (p = 0.05). Data analyses were performed using JMP software. Benthic fluxes
were presented as means with error bars of standard error (SE).

2.6.2. Intertidal Benthic Fluxes

Potential nutrient fluxes were estimated by calculating the slope in regression analysis
of concentration versus time of incubation. Non-significant regressions based on changes
over time that were less than the analytical variability (defined as 0.2 µM) was interpreted
as net zero fluxes. The slope in the water-column control chamber was subtracted from
the slope in each marsh-flux chamber, and this volumetric flux was converted to an area
flux using the measured volume: area ratio of each chamber. Statistical software SAS was
used for all regression analysis, the determination of fluxes, and ANOVA to evaluate the
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flux data [47,48]. The assumption of normality was tested using normal probability plots,
and all data were normally distributed. Bulk density, total carbon, total nitrogen, and C:N
ratios were tested for differences among sites. Spatial and temporal differences in flux
rates were tested among the five sites (NF, MF, and FF locations with fringe and interior
locations at NF and FF and only interior at MF). Untransformed means ± standard error
(SE) are reported for all comparisons in this study.

2.6.3. Intertidal Flume Fluxes

A Wilcoxon test for two paired values coupled with a Monte Carlo exact test was
used to determine that upstream and downstream nutrient concentrations within a flume
were not significantly different. These two tests were also used to determine if upstream
concentrations between sites for a specific flume treatment were significantly different. The
Wilcoxon test was chosen as a non-parametric substitute for t-tests since the concentration
data were not normally distributed. Results of the intertidal flume were included since
nutrient concentrations from the NF compared to MF flumes help to define landscape
patterns concerning the fate of nutrients during river-pulse events.

2.7. System Analyses

We used several guidelines on how water is routed through channels and wetlands
along with factors that control rates of NO3

− removal by subtidal sediments and intertidal
soils to estimate NO3

− removal rates during the river-pulse experiments. The first con-
sideration in developing removal estimates for the nine pulses analyzed was to estimate
the relative areas of near-field, mid-field, and far-field regions of the outfall area for both
subtidal and intertidal habitats (Table 2). Information obtained from [13] was used to
apply channel and intertidal areas within 6 km and 10 km from the Caernarvon diversion
structure to estimate near-field and mid-field regions, respectively. The far-field region
extended down to Spanish, Grand, and Little Lake regions along the route of the Oak River
as a west boundary over to Bayou Aux Beouf as an east boundary. We used an estimated
area of 33,288 ha for the total outfall area that was distributed between 6593 ha of subtidal
habitats and 26,695 ha of intertidal habitats. The near- and far-field subtidal habitats were
12–18% of the total area (752 and 2517 ha, respectively), dominated by Big Mar and Lake
Leary. The far-field area of subtidal habitat increased in proportion to this outfall zone to
24% (2517 ha) with the inclusion of Spanish Lake, Grand Lake, and Little Lake. However,
80% of the outfall area was dominated by intertidal habitat and thus presented significant
potential for processing NO3

− removal.

Table 2. The distribution of subtidal and intertidal areas in the near-field, mid-field and far-field outfall region impacted
by water from river input discharged from the Caernarvon diversion when operating (degree of exchange based upon
estimates of 6 and 10 km radius from diversion structure from evidence in [13].

Habitat Type Total Near-Field Mid-Field Far-Field

Area (ha) Area (ha) Area (ha) Area (ha)

Outfall Region 33,288 4813 14,495 13,980
Subtidal 6593 752 2517 3324
Intertidal 26,695 4061 11,978 10,656

Water is routed through two major channel pathways from the Caernarvon diversion
channel with about 50% of the water flowing east along Bayou Mandeville to Lake Leary
and then flowing through Bayou Terra aux Boeuf to Grand Lake and Little Lake. In
comparison, about 20% of the diversion discharge flows west along Manuel’s Canal to Oak
River down to Spanish Lake [13,26]. Thus about 70% of the NO3

− transported by diversion
discharge comes in contact with subtidal benthic habitats across these eastern and western
routes. About 30% of the diversion discharge flows over channel banks to become wetland
sheet-flow (residual flow in [13]) and is in contact with intertidal benthic habitats, which is
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obviously required for NO3
− removal to occur. These percentages of flow across the upper

Breton Sound outfall area are general estimates and depend on the discharge flow at the
diversion structure relative to water levels downstream at the far-field coastal boundary.
The relative water levels at the coastal boundary relative to the discharge at the Caernarvon
diversion is particularly important in determining how NO3

− is routed over intertidal
habitats relative to water staying in channels [13]. If diversion discharge is <100 m3/s,
nearly 99% of the flow remains in channels flowing east and west from upper to lower
Breton Sound. If diversion discharge reaches 115 m3/s, near-field intertidal habitats will be
inundated with water from the diversion, and at 145 m/s discharge, mid-field intertidal
habitats will be flooded with river water from the diversion [13]. Based on water behavior
during 2002 and 2003 pulse events, the far-field intertidal habitats were not considered to
be flooded by water from diversion operations, and thus not included in these estimates of
NO3

− removal in upper Breton Sound.

3. Results
3.1. Experimental Field Conditions
3.1.1. Water Column

The physical and chemical characteristics of channel and bay waters have similar
patterns from near field to far field locations in the February and March river-pulse experi-
ments in each of the three years (Table 1). Water temperatures are colder in the near field
stations near Big Mar ranging from 7.6 to 13.1 ◦C compared to 12.0 to 21.9 ◦C in the far field
stations. Water in the mid field stations had the greatest range from 8.4 to 21.5 ◦C. Water
conductivity indicates how much of these changes may be related to mixing with higher
salinity water in lower Breton Sound as the near field station ranged from 264 to 473 µS/cm
compared to the higher value of 1605 µS/cm at FF-2 in March 2004. Conductivity at the
far field stations reflects the strength of the freshwater pulse downstream, with values
ranging from 393 µS/cm and 264 µS/cm in March 2003 and February 2004 river-pulse
events. The mid-field stations in all the river-pulse events had conductivity values similar
to near field stations.

NO3
− concentrations in overlying water of the intertidal soil experiments ranged

from 53.2 to 109.8 µM in the near field station, indicating the level of nitrogen loading into
Breton Sound from the river with higher values during the March river-pulses in 2003
and 2004 (Table 3). Concentrations in the mid field stations were less, ranging from 54.1
to 95.7 µM compared to 0.4 to 36.8 µM in FF-1. FF-2 station in Little Lake presented very
different NO3

− concentrations, with a range from 51.4 to 109.8 µM, some of which can be
associated with lower conductivity values. Dissolved oxygen, NH4, and SRP had no clear
patterns in concentration with distance downfield from the diversion structure among
river-pulse events (Table 1).
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Table 3. Physical and chemical characteristics of the ambient overlying water in the two pulse experiments that subtidal
and intertidal cores were incubated to measure benthic fluxes.

Subtidal Cores * Intertidal Cores **
NF-1 MF-1 MF-2 FF-1 FF-2 NF-F NF-I MF-I FF-F FF-I

Latitude 29◦82.94.2 N 29◦79.31.4 N 29◦79.29.8 N 29◦71.14.9 N 29◦71.14.3 N 29◦50.10.68 N 29◦46.59.54 N 29◦42.17.85 N
Longitude 89◦89.55.3 W 89◦86.32.3 W 89◦80.13.7 W 89◦83.94.3 W 89◦80.41.2 W 89◦54.38.16 W 89◦56.50.51 W 89◦54.10.60 W

Water Temperature (◦C)
Feb, 2004 7.6 8.4 13.2 13.7 13.0 24.2 24.0 23.9 23.7 23.8
Mar, 2004 13.1 17.5 18.9 20.1 21.6 22.8 22.8 22.6 22.8 22.4

Conductivity (µS/cm)
Feb, 2004 264 264 264 601 264 nd *** nd nd nd nd
Mar, 2004 335 352 367 759 1605 nd nd nd nd nd

NO3
− Concentration (µM)

Feb, 2004 55.2 54.1 54.1 9.8 54.1 27.0 46.1 48.2 42.9 45.6
Mar, 2004 109.8 83.6 93.3 0.41 109.8 54.7 55.4 55.8 59.6 53.7

NH4
+ Concentration (µM)

Feb, 2004 4.35 4.55 4.55 0.6 4.55 3.73 5.16 4.7 4.3 4.71
Mar, 2004 1.6 1.78 1.84 1.79 1.56 2.81 5.22 3.62 2.7 2.74

SRP Concentration (µM)
Feb, 2004 1.01 0.95 0.95 0.85 0.95 0.62 0.64 0.73 0.61 0.72
Mar, 2004 1.7 1.58 1.44 0.6 1.66 0.77 0.87 0.74 0.58 0.71

* Subtidal Cores: NF-1 is near field located at Big Mar; MF-1 is mid field located at Lake Leary west; MF-2 is mid field located Lake Leary
east; FF-1 if far field located at Grand Lake; FF-2 is far field located at Little Lake; all stations in Breton Sound. ** Intertidal Cores: NF-F is
near field fringe located at Big Mar; NF-I is near field interior located at Big Mar; MF-I is mid field interior located near camp; FF-F is far
field fringe located at Spanish Lake; FF-I is far field interior located at Spanish Lake. *** no data.

Water quality characteristics at subtidal compared to intertidal stations during the
river-pulse events in February and March 2004 demonstrate distinct differences when
water from channels become sheet-flow onto wetland platforms (Tables 1, 3 and 4). Surface
water conductivity at the NF flume averaged 360 µS/cm during February pulse compared
to 490 µS/cm during the March pulse and to 780 µS/cm in the MF flume during the March
pulse (Table 4). Water temperatures in NF flumes ranged from 11.3 to 15 ◦C compared to
20.8 ◦C at the MF flume. Mean water temperatures at NF flume during the March river-
pulse was 3.7◦ C higher (15.0 ◦C) than during the February pulse. NO3

− concentrations
in the NF intertidal flume in February and March 2004 are similar to the values observed
in the subtidal core experiments at about 55 and 100 µM, respectively. However, NO3

−

concentrations in the MF flume in March was only 0.20 µM, one of the lowest concentrations
in overlying water observed in any of the subtidal or intertidal habitats in near-, mid-, or
far-field stations.

The physical characteristics of surface water flow at the intertidal flumes also demon-
strate distinct differences in near- and mid-field conditions during river-pulse events in
February and March 2004 (Table 4). Water depth was about 0.3 m in both river-pulse
experiments. Surface water flow in the near-field reference flume was higher at 3.03 cm/s
in the February experiment compared to 2.33 cm/s in March 2004. Flow in the MF flume
was only 0.22 cm/s in March 2004, much less than the NF flume. Water residence time in
the NF flume was 0.92 h and 1.22 h in February and March river-pulse events, respectively.
In contrast, water residence time in the MF flume was 19.7 h in March 2004 (Table 4). The
Reynolds number indicated turbulent conditions at the sediment-water interface in the NF
flume in both February and March events (6627 and 7847, respectively), but was laminar in
the MF flume (601).
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Table 4. Parameters in the Near-field and Mid-field flumes during the February and March pulses.

Near-Field Flume Mid-Field Flume
Parameter February 2004 Pulse March 2004 Pulse March 2004 Pulse

Physical Parameters
Temperature (◦C) 11.3 15.0 20.8
Water Depth (m) 0.31 0.34 0.30

Flow (cm/s) 3.03 2.33 0.22
Conductivity (µS/cm) 360 990 780

Reynolds Number 6627 7847 601
Residence Time (h) 0.92 1.22 19.7

Nutrient Concentrations
NO3

−, X 52.99 106.07 0.20
(SE) (2.30) (1.62) (0.00)

NO2
−, X 0.77 1.02 0.21

(SE) (0.04) (0.03) (0.01)
NH4

+, X 3.19 1.97 1.49
(SE) (0.10) (0.10) (0.12)

DIN, X 59.36 108.97 1.58
(SE) (1.91) (1.61) (0.13)

TDN, X 83.43 133.45 36.26
(SE) (0.25) (1.92) (0.08)

TN, X 86.21 107.65 43.05
(SE) (2.40) (3.84) (1.41)

SRP, X 0.50 0.70 0.31
(SE) (0.03) (0.02) (0.02)

TDP, X 2.03 2.25 0.84
(SE) (0.03) (0.05) (0.10)

TP, X 2.42 2.85 1.20
(SE) (0.05) (0.02) (0.04)
Si, X 75.39 88.43 18.50
(SE) (1.44) (1.05) (0.81)

3.1.2. Sediments

Bulk density in the top 5 cm of soil differed significantly among the intertidal wetland
sites, with greater values in near-field fringe and interior sites to lower values in the
mid- and far-field sites (Table 5). Bulk density was greatest at the near-field fringe site
(0.429 g/cm3), and lowest at the far-field fringe site (0.136 g/cm3). Soil bulk density was
significantly lower at the near-field and far-field interior sites than at the respective fringe
sites. Generally, bulk density decreased from the near-field to the far-field site, and from
the fringe to the interior marsh zones.

Total carbon concentration (Table 5) was lowest at the near-field fringe site (85.8 mg/g),
and greatest at the far-field fringe site (351.8 mg/g). There was no significant difference
between the midfield interior site and the far-field interior site. The spatial pattern of
total soil carbon concentration was the inverse of the pattern for bulk density at these five
sites, reflecting the increasing importance of organic material deposition versus mineral
sediment deposition with increased distance from the river diversion. Total soil nitrogen
concentration of the top 5 cm (Table 5) followed a similar pattern as total soil carbon for
these five sites, with the lowest concentration at the near-field interior site (7.4 mg/g) and
the highest concentration at the mid-field interior site (24.7 mg/g). Carbon to nitrogen
ratios (C:N) in the top 5 cm of soil were less at the near-field fringe site (11.1) and increased
to 16 with distance from river diversion.
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Table 5. Physical and chemical characteristics of sediments used in subtidal and intertidal cores to measure benthic fluxes.

Intertidal Cores *
NF-F NF-I MF-I FF-F FF-I

Sediment Characteristics
Bulk Density (g/cm3)

X 0.429 0.311 0.141 0.136 0.173
(SE) (0.026) (0.022) (0.009) (0.004) (0.013)

Carbon Content (mg/gdm)
X 85.8 117.8 338.5 351.8 258.3

(SE) (2.6) (8.7) (31.6) (9.9) (12.9)
Nitrogen Content (mg/gdm)

X 7.7 7.4 24.7 22.4 16.2
(SE) (0.2) (0.3) (3.5) (0.6) (0.4)

C:N Ratio 11.1 16.0 13.7 15.7 16.0

* Intertidal Cores: NF-F is near field fringe located at Big Mar; NF-I is near field interior located at Big Mar; MF-I is mid field interior located
near camp; FF-F is far field fringe located at Spanish Lake; FF-I is far field interior located at Spanish Lake.

3.2. Subtidal Benthic Fluxes

Patterns in benthic dissolved O2 consumption were distinct among the six river-pulse
experiments and differed among the near-, mid-, and far-field subtidal stations during any
one pulse event (Figure 4a–c). Dissolved O2 fluxes in the subtidal cores were lowest during
the February 2003 river-pulse event at values generally <−5 mg m−2 h−1 from near-field to
far-field distances from the diversion structure compared to about −15 mg m−2 h−1 at all
sites during February 2004 and about −25 mg m−2 h−1 among subtidal sites in February
2002, March 2002, and March 2004 river-pulse experiments. Both the February and March
2002 fluxes of dissolved O2 were similar during both pulsed events (Figure 4a). Benthic
dissolved O2 consumption exhibited more spatial variation among the near-, mid-, and
far-field stations from the river diversion in both the March 2003 and 2004 experiments
(Figure 4b,c). The most significant spatial differences were in March 2003 with a gradual
increase from −35 mg m−2 h−1 to −55 mg m−2 h−1 in dissolved O2 consumption with
increased distance from the river diversion (Figure 4b). Fluxes of dissolved O2 during the
Marsh 2004 pulse event also varied across stations from −15 to −38 mg m−2 h−1 but with
no clear pattern with distance from the river diversion (Figure 4c).

NH4
+ benthic fluxes at most stations and among river-pulse events were

<50 µmol m−2 h−1, with no clear pattern in terms of distance from the river diver-
sion (Figure 4d–f). The exception was during March 2003 river-pulse experiment when
NH4

+ benthic fluxes from sediment were >75 µmol m−2 h−1 (Figure 4e) and about
50 µmol m−2 h−1 during February 2004 pulse (Figure 4f). The most significant spatial
variation in NH4

+ benthic fluxes occurred in the March 2004 river-pulse, with the greatest
rates near the river diversion at 200 µmol m−2 h−1, but rates were <50 µmol m−2 h−1 at
the other subtidal stations during this experiment (Figure 4f).
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Figure 4. Subtidal benthic fluxes of dissolved oxygen (O2, a–c) and ammonium (NH4
+, d–f) at five stations in Breton Sound

during spring diversion pulses (February and March) in 2002 (a,d), 2003 (b,e), and 2004 (c,f). (NF = Near-field, MF =
Mid-field, FF = Far-field).

Benthic SRP fluxes were both positive and negative and nearly all rates were
<5 µmol m−2 h−1 in both directions for February 2002, March 2002, February 2003, and
February 2004 river-pulse experiments (Figure 5a–c). Among these pulsed events, neg-
ative SRP fluxes were significant at NF-1 in March 2002 compared to release at FF-1 in
February 2004. Benthic SRP fluxes in the March 2003 river-pulse event were clearly distinct
from the other experiments with rates >5 µmol m−2 h−1 at MF−1, MF−2, and nearly
10 µmol m−2 h−1 at FF-2 (Figure 5b). The other distinct SRP flux was observed at NF-1
during the March 2004 river-pulse experiment, which is also the station and experiment
that had the highest inorganic nitrogen fluxes noted above (Figure 5c).

Benthic NO3
− fluxes were both positive (sediment release) and negative (sediment

uptake) among the near-, mid-, and far-field sites in the six river-pulse experiments
(Figure 5d–f). Rates were lower in February 2002, March 2002, and February 2003 with
sediment release about 25 µmol m−2 h−1 and sediment uptake about −25 µmol m−2 h−1

(Figure 5d–f). Rates were higher and nearly all NO3
− removal in March 2003 and February

2004, but with no clear pattern among near-, mid-, and far-field stations (Figure 5e–f),
since nearly all rates were about −50 µmol m−2 h−1. The highest NO3

− removal flux
was observed at NF-1 and MF-2 during March 2004, but NO3

− flux was positive at both
far-field stations during this experiment (Figure 5f).
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Figure 5. Subtidal benthic fluxes of soluble reactive phosphorus (SRP, a–c) and nitrate (NO3
−, d–f) at five stations in Breton

Sound during spring diversion pulses (February and March) in 2002 (a,b), 2003 (b,e), and 2004 (c,f). (NF = Near-field, MF =
Mid-field, FF = Far-field).

Benthic NO3
− fluxes were all negative when amended with NO3

− in laboratory
manipulation experiments when water temperatures were nearly 20 ◦C (Figure 6a–c).
When subtidal sediments at NF-1 and FF-1 were subjected to overlying water NO3

−

concentrations from 100 to 155 µM and 27 to 166 µM, respectively, benthic NO3
− removal

rates increased significantly ranging from −100 to −600 µmol m−2 h−1 (Figure 6a). Nitrate
removal rates decreased with decreasing ambient NO3

− concentrations in July 2002 with
increased distance from the river diversion (NF-1 to FF-1) (Figure 6b). In a second laboratory
manipulation in August 2002, subtidal sediments from MF-2 were manipulated with water
near the river diversion outfall area with amendments of 38, 93, 131, and 148 µM of NO3

−.
Benthic NO3

− uptake rates significantly increased with each amendment ranging from
nearly 0 µmol m−2 h−1 in controls (0.2 µM) to −600 µmol m−2 h−1 at the greater NO3

−

concentration (Figure 6b). The influence of greater NO3
− concentrations in near-field

waters on stimulating benthic NO3
− removal downstream (FF-1) during high-discharge

pulses is evident when comparing NO3
− uptake rates between ambient waters with those

from Big Mar (Figure 6c). In the February and March 2004 experiments, the ambient
NO3

− flux was positive as reported above and became significantly negative to rates up to
−145 µmol m−2 h−1 when NO3

− concentrations increased from 0.4 to 110 µM.
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Figure 6. Subtidal benthic fluxes of nitrate (NO3
−) in field manipulations of changing nitrate con-

centrations in overlying water at different benthic sites. Treatments are defined by site location (NF
= near-field, MF = mid-field, FF = far-field) treated with different concentrations of nitrate (concen-
tration is value in parentheses, µM). (a) NF-1 and FF-1 sites manipulated by adding enrichments of
NO3

−. (b) NF, MF and FF stations during July 2002 and MF station with ambient (0.2 µM NO3
−)

water enriched with different concentrations of NO3
− in August 2002. (c) FF-1 station with ambient

water compared to water from Big Mar during each of four pulse experiments including February
2003 and 2004, and March 2003 and 2004.

3.3. Intertidal Benthic Fluxes

There was significant effect of site on benthic NO3
− fluxes (F = 5.8801, p = 0.0013)

into marsh soils during the two river-pulse experiments (February and March) in 2004
(Figure 7a). Fluxes were greater at the far-field interior site (about −1200 µmol m−2 h−1)
during the February and March 2004 pulses, and lowest at the far-field fringe site
(−484 µmol m−2 h−1) during February 2004 pulse. Benthic NO3

− uptake was lower
at the fringe intertidal sites than interior locations at the far-field site in both the February
and March 2004, but this difference between the fringe and interior sites was not observed
during these two pulse events at the near-field site. The average benthic NO3

− flux for all
sites and both pulse events was −826 µmol m−2 h−1 (SE ± 123).

Benthic NH4
+ fluxes at the intertidal sites were highly variable in both river-pulse

experiments, with no clear pattern of uptake or release (Figure 7b). NH4
+ uptake by

marsh soil occurred at all sites during the March 2004 pulse, but there were no significant
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differences among sites. The highest uptake rate by marsh soil was at NF-I during the March
pulse (−96.5 µmol m−2 h−1), and the greatest release rate was at MF-I during the February
pulse (8.2 µmol m−2 h−1). Generally, NH4

+ fluxes for February (−26.6 µmol m−2 h−1) and
March (−53.9 µmol m−2 h−1) pulses were negative, indicating a slight uptake of NH4

+ by
the marsh soil during river-pulse experiments.

Benthic SRP fluxes exhibited spatial and temporal patterns that were similar to NH4
+

fluxes during the two river-pulse experiments (Figure 7c). There was a significant effect
of site * event (F = 6.7194, p < 0.0001), which indicates that spatial patterns were not
consistent during each of these experiments. During the February 2004 event, the NF-F
(19.9 µmol m−2 h−1) and NF-I (2.0 µmol m−2 h−1) sites released SRP from marsh soils
into the water column, while intertidal soils at the MF-I (−24.8 µmol m−2 h−1), FF-F
(−3.3 µmol m−2 h−1), and FF-I (−13.4 µmol m−2 h−1) sites removed SRP. During the
March 2004 pulse experiment, all five sites had SRP uptake (−11.3 µmol m−2 h−1), with no
significant difference among the five sites.

Fluxes of dissolved inorganic nitrogen (DIN) (Figure 7d) followed similar patterns as
the fluxes for NO3

−. Benthic DIN uptake occurred at all sites during February
(−987.6 µmol m−2 h−1) and March (−954.2 µmol m−2 h−1). Unlike the results for NO3

−,
there was no significant effect of site for DIN fluxes. Dissolved organic nitrogen (DON)
fluxes (Figure 7e) were 780.7 µmol m−2 h−1 (SE± 95.0) in February and 725.8 µmol m−2 h−1

(SE ± 56.0) in March, with no significant effect of site. Comparing DIN and DON flux rates
during the February 2004 experiments indicates a net uptake of total dissolved nitrogen
(TDN) of −206.3 µmol m−2 h−1. Benthic fluxes of dissolved organic phosphorous (DOP)
were generally into the marsh soil during the February (−32.8 µmol m−2 h−1) and March
(−28.4 µmol m−2 h−1) river-pulse events (Figure 7f).
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Figure 7. Intertidal benthic fluxes of (a) NO3
−, (b) NH4

+ and (c) SRP, (d) DIN, (e) DON, and (f) DOP during the February
and March pulse experiments (2004) at five locations based on distance from diversion structure (NF-F = near-field fringe,
NF-I = near-field interior, MF-I = mid-field interior, FF-F = far-field fringe, and FF-I = far-field interior.). Bars with diagonal
lines are fringe and gray shade are interior. Bars with same letter are not significantly different based on Tukey least
squares analysis.
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3.4. Landscape Nutrient Gradients

Landscape nutrient gradients can be observed by comparing concentrations of sheet-
flow water in the NF and FF flumes (Table 4). Nutrient concentrations of NO2

− and SRP
were below 1 µM in the NF flume during the February pulse, while concentrations of most
other nutrients measured were above 50 µM (Table 4). NO3

− concentrations of waters
within the NF flume during the March pulse dominated DIN and TDN and were >40 µM
higher compared to February pulse (Table 4). Concentrations of TN were about 10 µM
higher in March than in February. Nutrient concentrations were nearly always higher at
the near-field site than the mid-field site (Table 4). Concentrations of every other nutrient
constituent were significantly higher at near-field than mid-field sites, and nearly a 100 µM
concentration difference of NO3

−, DIN, and TDN was observed between the two flume
sites in March 2004.

Water sampled across a transect of the intertidal wetland landscape had similar
conductivity around 400 µS/cm indicating sheet-flow from the river diversion with the
exception of the most downstream sample that had a conductivity of 250 µS/cm, indicating
a different source of water (Figure 8a). Water temperature increased with distance along
the landscape transect from about 11 ◦C at the upstream stations near the near-field flume
where water from river diversion was flowing through the Big Mar region becoming
sheet-flow on the intertidal platform. NO3

− concentrations in waters at these sites were
about 100 µM. As distance downstream increased from Big Mar south, water temperature
increased and NO3

− decreased, but conductivity remained around 400 µS/cm. By about
1000 m downstream from the near-field flume, water temperature had increased to 20 ◦C
and NO3

− was <1 µM, while conductivity had not changed from values at the near-field
flume. As distance increased along the transect to about 1200 m, water temperature
increased to 23.5 ◦C and NO3

− was nearly undetectable.
NO3

− concentrations along the four stations in the channel of a canal where river-
pulse waters from the river diversion were flowing during the March 2004 experiment
were similar at 68 µM (Figure 8b). The last station, about 2.4 km downstream along the
canal had a lower NO3

− concentration of 50 µM. Water flowing as sheet-flow from the
edge of the marsh platform was <50% of the NO3

− concentration of the channel water
sampled at each location ranging from 35 µM at station 1 to 20 µM at station 3. At station 4,
again, the channel station had lower NO3

− concentration, and NO3
− in sheet-flow waters

from the marsh edge was nearly undetectable.
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4. Discussion
4.1. Factors Controlling Nitrogen Fluxes

Estuarine ecosystems function as a source, sink, or transformer of nitrogen depending
on the relative rates of biological, chemical, and physical processes involving nitrogen trans-
formations in subtidal and intertidal habitats [49–51]. In our study, NO3

− removal rates
from the water column in intertidal habitats ranged from−383.7 to−1289.3 µmol m−2 h−1.
Benthic NO3

− fluxes were always into the marsh soil, as high concentrations of NO3
−

in the diversion water set up a relatively strong concentration gradient between the pore
water and the overlying water in each experiment. High NO3

− concentrations in the water
column can enhance diffusion into wetland soils, as NO3

− concentrations are typically
very low under reduced soil conditions. A previous flux study conducted using benthic
sediment slurries [52] in the diversion outfall area measured NO3

− removal rates ranging
from −137 to −1390 µmol m−2 h−1, which are similar to range observed in our study.

Denitrification, the biologically mediated reduction of NO3
−, removes NO3

− in wet-
land systems and rates have been shown to be dependent on NO3

− concentration [27,53,54].
Benthic NO3

− uptake rates by subtidal sediments were higher during warmer months
and more strongly dependent on the available NO3

− concentration in the overlying water
(Figure 9a). Sediment removal rates were greater when water temperatures were warm and
NO3

− concentrations >75 µM. When water temperatures at near-field stations were colder
during river-pulse events in February, NO3

− concentration was not a determining factor in
NO3

− uptake rates by subtidal sediments. Seasonal conditions of the river-pulse via the
diversion structure influences water temperatures in the near-field outfall area. The effect
of colder water temperatures from river-pulses was also observed in mid-field regions
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during the stronger pulse events in February 2002, 2003, and 2004 (water conductivities
were similar to river conditions at all stations during these pulses).

When all the benthic NO3
− fluxes at water temperatures <13 ◦C are plotted ver-

sus NO3
− concentration, the range in benthic flux rates are mostly NO3

− release from
sediments (Figure 9a). When flux rates are plotted for those experiments with water temper-
ature >13 ◦C, there is a significant polynomial expression with two degrees between NO3

−

concentration and NO3
− uptake by subtidal sediments (Y = (−0.0128 × X2) + (0.1678 × X)

− 1.6187, R22 = 0.441, R12 = 0.409, R2 = 0.441). This seasonal pattern of benthic NO3
−

removal in response to water temperature and NO3
− concentration in overlying water was

observed for sediment oxygen demand and benthic NO3
− fluxes in subtidal and intertidal

soils of Wax Lake Delta [25]. These biogeochemical patterns also describe how an active
delta ecosystem responds to seasonal conditions associated with the controlled diversion of
the Mississippi River [11]. As observed in upper Breton Sound, river water temperatures at
Wax Lake Delta are 8–10 ◦C in February and March in the channel and in subtidal wetlands
inundated with overbank flooding. As water residence time increases in coastal deltaic
floodplains, water temperature increases up to 10 ◦C above those in the channel [24]. When
water temperatures increased during late spring and summer, higher NO3

− concentrations
caused increased rates of benthic NO3

− removal and denitrification [25,53].
There is evidence that seasonal water temperatures also controlled benthic fluxes of

NO3
− in intertidal habitats. Chamber experiments of intertidal fluxes regulated water

temperatures >20 ◦C to match higher mid-field conditions observed in landscape surveys.
This is in contrast to the colder water temperatures observed in near-field flume in February.
In addition, we used water from Big Mar in all the intertidal sediment flux experiments,
and therefore did not experiment with varying NO3

− concentrations as we did for the
subtidal benthic flux experiments. Accordingly, there were no significant differences
in NO3

− fluxes of intertidal soils between the February and March river-pulse events
since higher water temperatures and NO3

− concentrations were used in all river-pulse
experiments. Based on flume observations, the overlying water column at the near-field
sites is approximately 10 ◦C colder than water at the mid-field and far-field sites in February
and March, due to colder river water controlling sheet-flow when the river-pulse is routed
onto wetland platforms. River waters in intertidal habitats in the near-field locations
also had greater NO3

− concentrations, as observed in the near-field subtidal habitats
during river-pulse events. However, as intertidal sheet-flow moved downstream, water
temperatures increased and NO3

− concentrations decreased, indicating that NO3
− benthic

fluxes in the field should vary in contrast to the intertidal flux rates measured in our
chamber experiments.

We used NO3
− flux experiments from intertidal wetlands in Wax Lake Delta [24,

25,53,55] along with intertidal rates measured for upper Breton Sound in this study to
estimate temperature and NO3

− concentration effects on NO3
− removal by intertidal soils

(Figure 9b). NO3
− fluxes at water temperatures >13 ◦C and NO3

− concentrations ranging
from 2 to 80 µM were selected from the combined data sets for Wax Lake Delta intertidal
soils. However, sediment organic matter had to be accounted for in developing a function
between NO3

− concentration and NO3
− flux rates, given the strong response of NO3

−

uptake rates to this soil variable experimentally demonstrated at Wax Lake Delta [25,53].
Sediment organic matter content of the intertidal wetlands soils at Breton Sound were
greater (85–350 mg/gdm) than intertidal wetlands at Wax Lake Delta (20–100 mg/gdm).
Lower sediment organic matter concentrations in Wax Lake Delta is particularly evident
in younger intertidal soils [56]. As observed for subtidal sediments, water temperatures
below 13 ◦C reduce the response of NO3

− fluxes relative to NO3
− concentrations in Wax

Lake Delta intertidal soils. We excluded those experiments with water temperature <13 ◦C
and sediment organic matter <50 mg/g dm to compare with intertidal soils of upper Breton
Sound (Figure 9b). Using intertidal wetlands flux rates in this study along with the selected
fluxes from studies at Wax Lake Delta, we developed a significant linear function between
NO3

− concentration and NO3
− removal rates (Figure 9b; Y = −8.4634 × X, R2 = 0.828).
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This supports previous research results that sediment NO3
− fluxes and denitrification

rates are proportional to NO3
− concentrations in overlying waters depending on water

temperatures [57–60].
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NH4
+ fluxes were highly variable with no clear pattern except for a slight uptake

of NH4
+ during the February and March flood-pulse experiments. This trend seems to

contradict the general estuarine model of wetlands exporting reduced nitrogen forms to
surrounding water bodies, but key differences between the methods used in this study
and the standard approaches (benthic cores and flumes) may have resulted in a greater
uptake of NH4

+ by marsh soils in our study. A flume study conducted in a tidal freshwater
marsh [61] showed that the marsh consistently acted as a sink for NH4, and those vegetated
areas removed more NH4 from the water column than unvegetated areas. The inclusion of
vegetation in the cores, along with relatively high NH4

+ concentrations in the diversion
water, may have contributed to the increased variability of flux direction and rate. Plants
take up NH4

+ preferentially as a source of nitrogen, and the presence of intact vegetation
could have led to higher rates of NH4

+ uptake in our study. The flux rates in this study
show that the marshes of Breton Sound may have the capacity to remove small amounts of
NH4

+ from the water column under specific conditions.

4.2. Nitrate Removal

The capacity of nutrients, particularly NO3
−, to be removed from river water diverted

by the Caernarvon structure in the upper region of Breton Sound is particularly important
since the anticipated increase in nutrient loading downstream could potentially reduce
water quality [26,54]. NO3

− concentration in the Mississippi River at Caernarvon typically
ranges from 60 to 120 µM, which is substantially higher than most ambient concentrations
found in the adjacent coastal estuaries [26]. It is therefore critical to understand the capacity
of habitats in the outfall region of upper Breton Sound to remove NO3

− from the water
column prior to its transport downstream. The impact of the Mississippi River diversion at
Caernarvon on nutrient cycling in the upper Breton Sound estuary is an important factor
in establishing operational management guidelines for this restoration strategy [1,2].

Daily NO3
− loading (MT/day) for each of the nine pulse events (three each in 2002,

2003, and 2004) was based on the discharge rate and NO3
− concentration at the Caernarvon

diversion structure (Figure 10a–c). The daily NO3
− loading was summed for the duration

of each pulse event to determine total input as MT N/pulse (Figure 11a). The distribution
of 70% to subtidal habitats and 30% to intertidal habitats was used to estimate the relative
loading to each of these two habitats for each pulse (Figure 11a). Nitrate loading was always
higher in the January pulse of each year due to the longer duration ranging from 251 (2003)
to 296 (2004) MT/pulse compared to lower NO3

− loading in February pulses ranging from
112 (2004) to 174 (2002) MT/pulse (Figure 11a). The February and March pulses were
shorter in duration but had greater daily discharge rates (Figure 10a). The highest daily
NO3

− loading occurred during March 2002 pulse at about 20 MT/day (Figure 10C). Based
on the 70:30 split between subtidal and intertidal flows, the majority of NO3

− per pulse
came in contact with subtidal sediments ranging from 78 (February 2004) to 207 (January
2004) MT/pulse (Figure 11a).

The contact of diversion water with subtidal habitats was considered each day during
a river-pulse. The two major factors controlling NO3

− flux for both subtidal and intertidal
soils were water temperature and NO3

− concentration, as described in Section 4.1. First,
water temperature had to be >13 ◦C for subtidal removal rates to be calculated with the
function established with NO3

− concentration (see Figure 9). The near-field subtidal habi-
tats used water temperatures observed at Caernarvon diversion (USGS 295124089542100
Caernarvon Outfall Channel at Caernarvon, LA) and NO3

− concentration at Big Mar to
calculate NO3

− fluxes using the equation in Figure 9a. The near-field station had water
temperature from Caernarvon outfall channel increased by 3 ◦C and NO3

− concentrations
at Big Mar reduced by 20% to calculate daily NO3

− fluxes (based on changes observed in
the field, see Table 2). Daily NO3

− fluxes at far-field locations are based on adjustments to
water temperature and NO3

− concentration of 7 ◦C and 50%, respectively (Table 2). Using
these rules, daily NO3

− fluxes were calculated for each of the three respective regions
(near-, mid-, far-field), multiplied by the area of each region (Table 5), and summed for
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the days of the respective nine pulse events to estimate total NO3
− removal for subtidal

habitats (Figure 11b).
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Figure 10. Description of three pulses in January, February, and March during each year of 2002, 2003, and 2004 that were
analyzed for fate of nitrate (NO3

−) in the upper Breton Sound outfall area of Caernarvon freshwater diversion. (a) Discharge
each day of the diversion pulse (m3/s). (b) Nitrate concentration estimated in the water introduced from river into the
upper Breton Sound (µM). (c) Nitrate loading (MT/day) into upper Breton Sound based on daily discharge (a) and nitrate
concentration (µM). (d) Water temperature recorded at Caernarvon freshwater diversion from the outfall channel (◦C).

Contact of waters from a river-pulse with intertidal habitats occurred only on days
the daily diversion discharge reached threshold for near- and mid-field marshes described
above (115 and 145 m3/s, respectively). As stated, our calculations assume that far-
field marshes were not inundated with water from the Caernarvon diversion [13]. NO3

−

concentrations used to calculate daily benthic fluxes were adjusted from those measured at
Big Mar assuming a 50% reduction in concentration for waters in the near-field intertidal
wetlands and 90% reduction in concentration for waters in the mid-field region. These
assumptions in reducing NO3

− concentrations are based on observations at the flumes and
landscape surveys in each region (Table 3). Water temperature was not used to calculate
daily benthic NO3

− fluxes, but a water temperature factor was imposed on the near-field
marshes by assuming the first 150 m inland along shore was not active due to colder water
temperatures. This assumption resulted in about 25% of the near-field intertidal wetlands
being considered as inactive when inundation occurred. The intertidal area used in the
near-field region was 3045 ha rather than the 4061 ha of near-field wetlands (Table 5). Daily
NO3

− removal for the near- and mid-field regions was calculated depending on diversion
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discharge (threshold that determines if intertidal habitat is inundated) and concentration
(using function in Figure 9b), then summed to estimate NO3

− removal per pulse for
intertidal habitats (Figure 11b).

The amount of NO3
− removed in the subtidal and intertidal habitats was calculated

for each river-pulse event and compared to NO3
− loading to that habitat for all nine

river-pulse events (Figure 11b,c). The sum of NO3
− removed by subtidal and intertidal

habitats was compared to the total NO3
− loading during each pulse event (Figure 11c). It

is important to compare the efficiency of NO3
− removed relative to the amount loaded

to each respective habitat and then evaluate the total amount of NO3
− removed during

any one river-pulse event. During each river-pulse event, the total amount of NO3
−

removed by the intertidal habitat was much greater (17 to 64 MT/pulse) than removal by
subtidal sediments (1–12 MT/pulse) (Figure 11b). Subtidal sediments removed from 1–8%
of the NO3

− loaded to channels and lakes of the outfall region of upper Breton Sound
(Figure 11c). Intertidal soils, however, removed 6–109% of the NO3

− loaded to intertidal
wetlands during the nine pulse events (Figure 11c). The lower percentage of NO3

− removal
for both subtidal and intertidal soils was during the January river-pulses of each year and
greater removal values occurred during the March pulses. This seasonal difference in
the efficiency of NO3

− removal was particularly evident in the intertidal wetlands as
demonstrated by the range of 6–19% in January compared to 76–109% in March (Table 6).

The lower efficiencies in NO3
− removal in January compared to February and March

are associated with conditions during diversion operations. One such condition is that
water temperatures are colder in January, with most days <12 ◦C and reaching 8 ◦C during
operations. These temperatures reduced subtidal NO3

− removal, even at the mid-field
stations. The lower NO3

− removal efficiencies of intertidal wetland soils were not due to
such a factor as water temperature since the shallow water would heat up to >12 ◦C within
150 m transport across the wetland surface. However, diversion discharge rates in January,
particularly in 2002, did not reach the thresholds for wetland inundation. The intertidal
NO3

− removal efficiency in January 2002 was only 6% and 16% in January 2003. At higher
daily discharge rates in February and March of 2003 and 2004, nearly all the NO3

− that was
loaded into intertidal wetlands was removed (Figure 11c). These estimates are consistent
with both the observations of NO3

− concentrations at the mid-field flume and landscape
surveys.

Total NO3
− removal ranged from a low of 22.99 MT/pulse in January 2002 to high

of 71.51 MT in March 2004 (Figure 11b). These ranges are also the river-pulses when the
lowest and highest of total NO3

− removal efficiencies occurred (8–36%, Table 6). Removal
efficiencies were much greater in March and February than January, associated with
factors of temperature and frequency of wetland inundation noted in previous paragraph.
These total NO3

− removal efficiencies are much lower than the 55–86% removal based
on changes in NO3

− concentration in the upper Breton Sound outfall region [26,30,62].
These reported removal efficiencies consider the differences in upstream and downstream
concentrations of NO3

− accounting for dilution using salinity as a conservative constituent.
Estimates of NO3

− removal in this study only consider the contribution of benthic NO3
−

fluxes as the removal process. All our experiments were run with filtered overlying
water in cores incubated in the dark to exclude water column processing of nutrients
in our experimental system. Water-column phytoplankton as well as heterotrophs may
compete for the dissolved NO3

− in the water, with rates under strong control of water
temperature. During higher standing stocks of phytoplankton in March, this competition
may significantly contribute to NO3

− removal within the system, and thus concentrations
in upstream and downstream stations. In those situations, estimates of system NO3

−

removal may be underestimated by sediment fluxes alone. Phytoplankton serve only as a
temporary sink for NO3

−, while NO3
− taken up by the sediments can be denitrified, thus

providing a more permanent sink. Plankton organisms convert inorganic N to biogenic N
(Figure 1) that can be cycled through the food chain, excreted as NH4 or DON, or exported
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with tidal flux out of the estuary. Biogenic N deposited on the sediment surface can be
buried over time and provide a permanent sink of the river-derived nitrogen.
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Figure 11. (a) Estimates of nitrate loading to upper Breton Sound based on routing along channels
and bays (black bar) and as sheet-flow over intertidal wetlands (gray bar) during nine flood-pulse
events of the Caernarvon freshwater diversion based on discharge rates and NO3

− concentrations
measured near diversion outlet in January, February and March of 2002, 2003, and 2004. The total
NO3

− load was distributed 70% to subtidal and 30% to intertidal [13]. (b) Estimates of NO3
− removal

during each flood-pulse experiment based on benthic uptake rates and area of contact with diverted
water with subtidal and intertidal habitats using thresholds of field conditions explain in this study.
(c) Estimates for input (gray bar) and removal (black bar) are the subtidal and intertidal habitats. All
units of input and removal are metric tons per pulse event (MT/pulse).

Table 6. Estimates of nitrate loading to upper Breton Sound from nine river-pulse experiments of the Caernarvon diversion
based on discharge rates and NO3

− concentrations measured near diversion outlet during each pulse. Estimates of NO3
−

removal during each pulse experiment is based on uptake rates and area of contact with diverted water using assumptions
explain in this study. Percent of the NO3

− input that is removed by subtidal, intertidal, and total outfall area are provided in
percent of input NO3

− estimated for each pulse. All units of input and removal are metric tons per pulse event (MT/pulse).

Month Total Input Subtidal Input
(Channel Flow)

Intertidal Input
(Residual Flow) Subtidal Removal Intertidal Removal Total NO3− Removal

MT/Pulse MT/Pulse MT/Pulse % of Input % of Input % of Total Input

2002
Pulse Jan 275.61 192.93 82.68 −2.0% −6.3% −8.3%
Pulse Feb 174.67 122.27 52.40 −3.7% −63.4% −21.6%
Pulse Mar 214.97 150.48 64.49 −8.1% −75.6% −28.3%

2003
Pulse Jan 251.18 175.83 75.36 −1.1% −15.5% −16.6%
Pulse Feb 149.08 104.36 44.73 −0.9% −101.0% −30.9%
Pulse Mar 152.97 107.08 45.89 −2.7% −107.3% −34.1%

2004
Pulse Jan 296.68 207.68 89.00 −1.2% −18.9% −20.1%
Pulse Feb 112.25 78.58 33.68 −3.7% −86.9% −28.7%
Pulse Mar 196.94 137.86 59.08 −5.4% −108.5% −36.3%



Water 2021, 13, 2323 26 of 30

Following the fate of NO3
− during river-pulse events in upper Breton Sound using

the methods described in this study does not account for the net flux of total nitrogen
(TN) during these events. The loss of TN in the outfall region has been noted to average
about 50% [26,30,62], based on the decrease in concentration greater than the dilution
with seawater downstream from the diversion input. It is obvious in our few sediment
flux observations that while there may be a net uptake of NO3

− and dissolved inorganic
nitrogen (DIN) by subtidal and intertidal soils, there were several observations of significant
efflux of DON. At times, the DON efflux was greater than DIN influx. This pattern is
consistent with many reports that wetland ecosystems may transform nutrients in estuaries
with net uptake (removal) of DIN and export of organic nitrogen [41,50,63]. Fluxes of
DIN, made up mostly of NO3

− in our study, were dominated by intertidal soils, while
DON was released from the soil into the water column. A comparison of the rates of DIN
uptake and DON release by intertidal soils showed that the intertidal habitat acted as a
sink for dissolved nitrogen, with uptake rates ranging from 11.5 to 25.3 g N m−2 yr−1.
Various estimates of TN uptake across the upper Breton Sound outfall areas range from
2.3 g N m−2 yr−1 [64] and 5.6 g N m−2 yr−1 [26] to 13.4 g N m−2 yr−1 [30]. Scaling all
the different processes of nitrogen species from inorganic to organic to nitrogen gas will
require better documentation to determine how subtidal and intertidal habitats contribute
to the net sink, source or transformer of nitrogen introduced from river-pulse events.
However, the contributions of benthic fluxes estimated in this study highlight the loss of
NO3

− in the system, which is the major source of nitrogen from the river for downstream
estuarine waters.

5. Conclusions-Ecosystem Design

The fate of NO3
− input from river-pulse events associated with diversion operations

is a function of how diverted water is distributed over subtidal and intertidal habitats.
Processes associated at the boundaries of aquatic and wetland ecosystems are considered
to represent a critical element of ecosystem design as part of restoration strategies [65].
The focus of river diversion operations is on sediment deposition as a resource to promote
wetland soil formation and increase soil surface elevation [13,66]. However, the fate of
nutrients associated with diversion operations can impact the eutrophication of estuaries in
the outfall region downstream. As dissolved constituents in diverted river water, dissolved
nutrients may impact a larger region of the outfall zone than suspended sediments, as has
been described for river plumes in active deltas [67]. This study offers insights into what
operations may contribute to the efficiency by which benthic processes in subtidal and
intertidal habitats may remove NO3

− from river diverted waters.
It is important to consider the increased efficiency of NO3

− removal by intertidal soils
compared to subtidal sediments as important to the ecosystem design of river diversion
operations. Diverted water from a river diversion structure that becomes sheet-flow over
intertidal wetlands provides access to habitats that have a much higher efficiency of NO3

−

removal compared to water exposed to subtidal sediments. Nutrient removal here presents
a very important distinction between ecosystem design and transformation. In the case
of upper Breton Sound, most of the NO3

− removal efficiency as defined by a reduction
in NO3

− concentration may be due to uptake in the water column, considering that the
NO3

− removal efficiencies by benthic processes do not match system level analyses. The
transformation from inorganic to biogenic N is different from an influx to sediments that
‘removes’ nitrogen from flux to downstream ecosystems (Figure 1). Most of the sediment
influx of NO3

− may be assumed to be denitrified [25,53,55], yet, importantly, it is removal
from the water column which reduces the transport of inorganic nitrogen as a source of
eutrophication to downstream ecosystems.

It is clear that, even in cooler months, access of NO3
− river-pulse waters to intertidal

wetlands of upper Breton Sound in near- and mid-field regions is the most efficient way to
reduce NO3

− or biogenic N transport to downstream ecosystems. Moreover, this contact
with intertidal wetlands is a function of diversion discharge rates that form sheet-flow over
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intertidal wetland soils. The thresholds that promote intertidal connectivity to river-pulse
waters are very clear for the Caernarvon diversion, and discharge rates among the nine
river-pulse events in this study have very significant consequences in terms of NO3

−

removal. Given that sheet-flow is shallow (about 0.75 m), water temperatures increase over
short distances above thresholds for NO3

− influx into soils to occur, and these conditions
are different compared to subtidal habitats in channels and lakes. The input of about
66 million m3 of diverted water (assuming 30% of flow is sheet-flow) during a river-pulse
over an outfall area of about 15,000 ha of wetlands results in a water depth of about 0.44 m.
Surface water in an intertidal wetland at this latitude would increase the water temperature
by about 1 ◦C for every 150 m distance at a flow rate of 3 cm/s (assuming solar input
of 1367 J m−2 s−1). Under these conditions, wetland soils would reduce about 100% of
the NO3

− loading to the intertidal habitat. The connectivity of intertidal floodplains to
river diversion outflows has been demonstrated to significantly increase water age and
temperature in the Wax Lake Delta [24]. It is the combination of river pulse discharges that
raises water elevation in channels to allow for sheet-flow to occur over intertidal soils, and
thus contact time for benthic fluxes to remove NO3

− from overlying water [25,33,34]. Again,
given the ability of water temperatures to increase above critical thresholds of NO3

− influx
in intertidal habitats located in warm, temperate climates, removal efficiencies are function
of wetland inundation frequency and wetland area [11,25]. The connectivity of intertidal
wetland areas sufficient to remove NO3

− at fluxes controlled by water temperature and
NO3

− concentrations to reduce the downstream flow of inorganic nutrients is a critical
ecosystem design consideration of river diversion operations.

The path of NO3
− in a river-pulse event may also result in the reduction of NO3

−

concentrations in the subtidal habitats of an outfall area downstream from a diversion.
However, sediment influx represents a small contribution (1–10%) of the amount of loading
that can be removed. Moreover, this contribution is very sensitive to water temperatures,
as well as NO3

− concentration (residence time is not factored into this analysis but should
be included in further system analyses). It is important to emphasize, in this analysis, that
while NO3

− removal was very efficient for NO3
− that was loaded to intertidal habitats

in this study of nine pulse events, the combined contributions of subtidal and intertidal
habitats resulted in no more than 40% of NO3

− removal. About 60% of NO3
− removal in

the Wax Lake Delta occurs in the subtidal hydrogeomorphic zones compared to only 40%
of NO3

− removal in the intertidal and supratidal zones considering the hydroperiod, land
area, and denitrification fluxes [25]. The greater contribution of subtidal habitats in this
younger active delta is largely due to the larger area of these habitats in developing active
delta floodplains compared to older coastal basins. However, the intertidal wetlands of
Wax Lake Delta are inundated more frequently in response to daily operations of river-
pulse events, compared to less frequent river-pulse events in the upper Breton Sound.
Ecosystem designs of discharge flows, outfall area distributions of subtidal and intertidal
habitats, along with residence times of water in subtidal lakes and bays will need to be
considered to enhance NO3

− removal in contrast to NO3
− transformations. It is evident

how efficiently intertidal habitats remove NO3
− given the process of wetland inundation

with river-pulse operations.
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