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Abstract Wetlands provide important ecosystem
services, including improving surface water qual-
ity through nutrient removal. Louisiana has experi-
enced~4800 km? of coastal wetland loss between
1932 and 2016 due to high relative sea level rise and
reduced sediment from the Mississippi River due to
levees. The 2023 LA Coastal Master Plan aims to
restore Louisiana’s degraded coastline through res-
toration projects, including sediment diversions or
river reconnection. The Mid-Barataria Sediment
Diversion Project will reconnect the river sediment-
laden water with the coastal wetlands of Barataria
Basin to nourish degrading marshes. However, the
diversion will also deliver substantial nitrate (NO;™)
to the basin, potentially negatively impacting water
quality. We quantified NO;~ reduction rates at these
high (2 mg/L) and low (0.5 mg/L) water column con-
centrations for marsh and submerged estuarine sedi-
ments using intact cores and a laboratory incubation.
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An additional treatment where 2 cm of mineral river
sediment was placed over the organic marsh soil as
a future, post-diversion scenario to simulate sedi-
ment deposition on the marsh once the river is recon-
nected. We hypothesized that NO;~ reduction rates
would decrease once mineral sediment is deposited
on the organic marsh soil. For an aerobic water col-
umn, nitrate reduction rates for the vegetated marsh,
post-diversion marsh, submerged eroded marsh, and
estuarine sediment zones were 71.1+2.7, 27.8+4.5,
19.7+1.2, and 13.0+0.75 mg N m~2 d7!, respec-
tively. Thus, the post-diversion marsh NO;™ reduction
rate decreased by ~60% compared to the current veg-
etated marsh. However, we predict the newly depos-
ited sediment will increase NO;~ removal by 1.17 X in
the eroded marsh and estuarine sediment zones,
which are always flooded and will receive river sedi-
ment. The marsh is only flooded 31-48% of the time,
lessening the impact of the reduction. These findings
can improve predictive water quality models used
to assess nutrient loading and fate more accurately
across the basin under the river reconnection scenario
and inform other deltaic regions as freshwater flows
are restored to coastal systems globally.
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Introduction

Wetlands represent strategic ecosystems of great
importance in linking the natural and built environ-
ments, the economy, and human communities. Wet-
lands serve a critical role because they regulate global
biogeochemical cycles and can provide abundant
ecosystem functions and services. Coastal wetlands
along the Gulf of Mexico support 30% of the United
States” commercial fish production and contain 50%
of the country’s oil and gas refinery capacity (Men-
delssohn et al. 2012). Louisiana wetlands account for
40% of the national estuarine and coastal wetlands
in the contiguous United States; however, between
1932 and 2016, there was a land loss of ~4,877 km?
(CouvilLion et al. 2017). Thus, the Louisiana coast is
experiencing ~80% of the nation’s total coastal wet-
land loss (Wood et al. 2017).

The Louisiana wetland loss issue is due to a myriad
of factors, and include the combined effect of regional
coastal subsidence (~10 mm yr ~!) (Morton et al.
2005), eustatic sea-level rise (~3.2 mm yr~!; Church
et al. 2013), and shoreline edge erosion (DeLaune &
White 2012; Sapkota & White 2021). Coastal Louisi-
ana has one of the highest relative sea level rise rates
(RSLR), exceeding 13 mm yr~' (Jankowski et al.
2017). It has been demonstrated that when RSLR is
compared with Louisiana marsh vertical accretion,
only 65% of total coastal wetlands in southern Louisi-
ana may likely keep pace with rising sea levels in the
future (Jankowski et al. 2017). Thus, Louisiana could
lose an additional 5,800—10,000 km? of coastal wet-
lands over the next 50 years if restoration approaches
are not adopted to combat rising sea levels (Peyronnin
et al. 2017). Anthropogenic activities have also con-
tributed to this rapid coastal wetland loss. Extensive
channeling and closure of river distributaries through
levee construction have increased salinities and exten-
sive dams along the Mississippi River have resulted
in a 50% decrease in sediment delivery and freshwa-
ter inflow to the Louisiana coastline (Blum & Roberts
2009). This sediment starvation is also compounded
by many other factors, such as widespread hydrologi-
cal disturbance from oil and gas extraction and bar-
rier island loss due to erosion (White et al. 2019).

The 2023 Louisiana Comprehensive Master Plan
is a US $50 billion coastal restoration plan designed
by the Louisiana Coastal Protection and Restora-
tion Authority (CPRA) to rebuild and preserve up
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to~25,000 km? of the Mississippi River deltaic plain.
The coastal master plan outlines several restoration
approaches to provide the necessary habitats to sup-
port the ecosystems while reducing the risk of flood-
ing in the region’s coastal communities. In particular,
sediment diversions will be openings built within the
levees of the Mississippi River that will be operated
to allow freshwater, nutrients, and sediments to flow
into the coastal basins at high river stages, reconnect-
ing the river with the riparian coastal wetlands and
bays to increase resilience to sea level rise and storms
(Peyronnin et al. 2017).

Sediment diversions, however, will transport sig-
nificant nutrient loads, primarily nitrate (NO;™), from
the river to the vegetated and open-water habitats in
the coastal basins. Nitrate concentration in the river
ranges from 0.5 to 3.0 mg NO;—N L~" and gener-
ally increases from early spring to late summer due
to wastewater input and agriculture runoff within the
watershed (Mitsch et al. 2005; Pellerin et al. 2014;
Tuffilaro et al. 2024). The introduction of NO;™ could
lead to increased algal blooms (Jung et al. 2023).

However, coastal wetlands are a natural sink for
nutrients and have great potential to remove nitrog-
enous oxides (e.g., nitrate: NO;™; nitrite: NO,™) from
surface waters as nitrate diffuses into sediments/soils,
is converted to N, gas through microbial respira-
tion and then released into the atmosphere (Burgin
& Hamilton 2007; Reddy and DeLaune 2008). This
facultative microbial mediated process is called direct
denitrification (i.e., NO;~ —N,) and is the main path-
way for NO;™ removal from coastal wetland ecosys-
tems in Louisiana, ranging from 89 and 95% (Rein-
hardt et al. 2006; Vaccare et al 2019). Nitrate removal
in coastal wetlands can also be performed, to a much
less extent, by an alternative, conservatory reduc-
tive pathways such as dissimilatory nitrate reduction
to ammonia (DNRA) which has been shown to be
minimal in these coastal marshes (Bowes et al. 2022;
Upreti et al. 2021). For example, VanZomeren et al.
(2012) found that by adding labeled '’N-NO, to LA
Spartina patens marsh, 91% was lost to denitrifica-
tion and less than 7% of the added N remained in
the soil, which included the microbial biomass. Vac-
care et al. (2019) spiked nitrate into sealed, anaero-
bic serum bottles containing Barataria Bay marsh soil
and sediments and recovered through mass balance,
an average of 93% of the N recovered through denitri-
fication. Upreti et al. (2022), using the N,: Ar method
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found that DNRA was < 10% of total NO,™~ reduction.
In addition, plant uptake has been shown to assimi-
late up to 30% of the surface water nitrate (VanZo-
meren et al 2012). The nutrient mitigation function
of wetlands intercepting the river water before reach-
ing the Gulf of Mexico could help to alleviate coastal
eutrophication and reduce annual coastal hypoxia
(Hurst et al. 2016; Mitsch et al. 2005; Rabalais et al.
2002).

Barataria Basin has a coastal erosion rate of ~41
km? yr~! (Wood et al. 2017). Barataria Basin marshes
are more vulnerable to coastal erosion due to greater
exposure to wind-driven waves, saltwater intrusion,
and a range of subsidence rates dependent upon loca-
tion (Byrnes et al. 2019). The Mid-Barataria Sedi-
ment Diversion is projected to nourish and maintain
existing wetlands and create~54 km? of new land
over 50 years (CPRA 2017). Previous studies have
estimated that high river discharge pulsing can con-
tribute to high burial rates by depositing up to 2—-5 cm
of sediment over the organic marsh (Bevington
et al. 2017; Shaw et al. 2018). However, beyond the
introduction of sediments, the high nutrient-laden
water load from the Mississippi River into Bara-
taria Basin poses two important questions: 1) To
what extent does the ecosystem have the capacity
for NO;™ reduction and 2) how will NO;™ reduction
change in the future after the organic-rich vegetated
marsh soil becomes covered with mineral riverine
sediments? The process of denitrification has many
regulators, such as organic matter availability, oxy-
gen content, nitrate concentration, facultative deni-
trifying microbes, and temperature (Smith & Tiedje
1979). Thus, the goal of this study was to evaluate the
NO;™ reduction potential of soils/sediments with dif-
ferent soil OM content and microbial activity in Bara-
taria Basin. We hypothesized that organic matter lim-
itation in mineral-rich coastal wetlands would reduce
the NO;~ reduction potential. Specific objectives
included to (1) determine the relative importance of
different soils/sediments; vegetated marsh, eroded,
submerged marsh and submerged estuarine sediments
nitrate reduction rates(2) assess the temporal change
in nitrate reduction once the organic marsh substrate
is covered with riverine mineral sediments as a future
diversion scenario; and (3) evaluate the magnitude of
nitrate reduction rates associated with high (2.0 mg N
LY and low (0.5 mg N L") nitrate concentration to

capture the spatial range of concentration that can be
expected across the basin from the diversion.

Material and methods
Study site description

Barataria Basin is a shallow, micro-tidal, bar-built
estuary in southeastern Louisiana, 40 miles south of
New Orleans, Louisiana. The basin covers approxi-
mately 6,000 km?, encompassing both wetlands and
open water areas, with an average bay depth of ~ 2
m (Das et al. 2012). The basin is a wave-dominated
estuary that experiences~30 cm diurnal lunar tides
(Georgiou et al. 2005). However, most of the water
level variability is wind-driven during cold fronts
in winter, and in combination with shallow depths,
results in the basin having a well-oxygenated sur-
face water column (Day et al. 2021). Barataria Basin
surface water salinities range from near O ppt in the
northern region of the basin near Lac Des Allemands
to 25 ppt in the southern region close to the barrier
island inlets to the Gulf of Mexico (Li et al. 2011).
The basin is undergoing a deltaic degrading stage,
with an average wetland loss rate of~13.3 km? yr'
due primarily to marsh edge erosion (Sapkota &
White 2021), sediment starvation from large-scale
flood control levees along the Mississippi River,
and extensive channeling causing salinity intrusion
into fresh marsh regions (Wang et al. 2017). The
study area is in the northeastern portion of Barataria
Basin, to the west of the Lower Mississippi River
(29°29'54.8"N 89°55'06.2"W) (Fig. 1A). The study
site is located in the project nutrient-influenced area
of the currently under construction Mid-Barataria
Sediment Diversion. The marsh site is brackish with
a mean surface water salinity of 9 ppt and a mean
surface water temperature of 23.3 °C (CPRA, n.d.).
The wetland site (i.e., interior marsh) was dominated
by mesohaline wiregrass such as Spartina sp (51.5%)
and Juncus Roemerianus (23.5%) (LDNR 2008). Due
to the low slope landscape and small tidal range, sim-
ilar marsh characteristics (Vaccare et al. 2019) extend
for long distances compared to other coastal areas
with greater slope and higher tidal regimes, where
vegetation community changes occur over shorter
horizontal distances. The vast majority of the area
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Delta with the sampling site; b is a low angle oblique drone
photograph depicting the sampling transect

Field sampling

In June 2022, three soil and sediment substrates were
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sampled at our wetland site: vegetated organic marsh,
submerged eroded marsh, and submerged estuarine
sediment (Fig. 1B). The vegetated organic marsh
soil was located 3.0 m into the intertidal marsh plat-
form, and the aboveground vegetation was clipped at
the time of core sampling. The eroded organic marsh
soil was located 0.5 m from the marsh edge into the
open water and is the product of collapsed marsh due
to wave action that is submerged 100% of the time.
The submerged estuarine sediment was located 125 m
from the marsh edge and is the bay-bottom sediment
typically found in open water areas. Eight, 15 cm
long, 7 cm diameter, intact, field-replicate cores were
taken at each substrate zone. In addition, eight extra
cores in the vegetated organic marsh were taken to
receive river sediment collected in Mardi Gras Pass
(29°31'32.6"N 89°41'06.3"W), a Mississippi River
crevasse. Marsh cores were collected using a sharp-
ened acrylic tube, gently pushed into the soil to avoid
compaction (Upreti 2019). Bay-bottom estuarine sed-
iment cores were collected using a piston core sam-
pling device. All cores from each substrate type were
collected within a 2 m? quadrat. Previous research
in Barataria Bay has shown similar soil characteris-
tics across three different wetland islands (Vaccare
et al 2019). Also, quadruplicate cores were collected,
extruded, and sectioned into 0-5 cm and 5-10 cm
sections at each substrate zone for initial soil char-
acterization. The soil sections were placed in Ziploc
bags, and the 32 intact cores were sealed with rub-
ber stoppers on the bottom and covered. Additionally,
four mineral sediment samples (0-5 cm) were col-
lected at Mardi Grass Pass for soil characterization.
All samples were transported back to the Wetland
and Aquatic Biogeochemistry Laboratory (WABL) at
Louisiana State University (LSU). In the lab, the soil
section samples were weighed, transferred to polyeth-
ylene sediment containers, homogenized, and stored
at 4 °C until analysis.

Intact-core incubation: nitrate reduction potential
under an aerobic water column

Upon return to the laboratory, the overlying site
water was removed by siphon from the intact cores.
Then, 2 cm of mineral mud from the Mardi Gras Pass
was placed over eight randomly selected vegetated
marsh cores to mimic future conditions after Mid-
Barataria Sediment Diversion operation. All cores

were reflooded with deionized water to mimic the
river freshwater condition to a 15 cm water column
and placed into a~21 °C water bath and left to equili-
brate overnight while the water column was bubbled
with room air using aquarium pumps. Sixteen cores
(4 per substrate) were spiked to bring water column
concentration to 2.0 mg NO;-N L™, using a liquid
KNOj; standard, representing the Mississippi River’s
high nitrate concentration during a spring flood event
(Mitsch et al. 2005; Pellerin et al. 2014; Tuffilaro
et al. 2024). The remaining 16 cores (4 per substrate)
were spiked to bring the water column concentration
to 0.5 mg NO;-N L' to mimic decreased concen-
trations further from the river diversion input. The
2.0 mg NO;-N L™! cores were incubated and sampled
daily for up to~11 days until nitrate concentration
dropped to below~0.5 mg NO;-N L~!. The 0.5 mg
NO;-N L' cores were incubated and sampled daily
for up to~7 days until water column nitrate con-
centration dropped to below ~0.05 mg NO;-N Ll
The water column was slowly bubbled with room
air to maintain a well-mixed aerobic water column
to match the water column characteristics of the
field (Steinmuller et al. 2018). The cores were incu-
bated in the dark to prevent algal uptake of N, which
could affect areal nitrate reduction rates. Water sam-
ples (7 mL) were collected once daily, filtered using
0.45 pm syringe filters, acidified with diluted H,SO,
to a pH <2, and stored at 4 °C until analysis. Surface
water sampled from cores was replaced with 7 mL of
DI water to maintain a constant core water column.
Water samples were analyzed colorimetrically for
NO;~ (U.S.EPA, Method 353.1) concentrations on a
SEAL AQ300 Automated Discrete Analyzer with a
method detection limit of 0.006 mg N L~! (U.S.EPA
1993).

Soil physicochemical properties

The following soil physicochemical properties were
analyzed on top 0-5 cm and 5-10 cm soil samples
(n=28): moisture content, bulk density (BD), per-
cent organic matter (%OM), total carbon (TC), total
nitrogen (TN), and total phosphorus (TP). Gravimet-
ric moisture content was determined by weighing the
homogenized soil subsamples before and after dry-
ing at 70 °C until constant weight. Bulk density was
calculated for the soil intervals on a dry weight basis.
Dried sediment subsamples were ground using a ball
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mill grinder. Total C and N values were measured
on homogenized dried, ground subsamples of soil
using a Costech1040 CHNOS Elemental Combus-
tion System with method detection limits of 0.07 g
C kg™! and 0.005 g N kg™', respectively (Costech
Analytical Technologies, Inc. Valencia, California).
Total P was measured following the Andersen (1976)
ashing-digestion method. A~0.3 g of dried and
ground subsamples were placed into 50 mL beakers
and placed into a muffle furnace at 550 °C for 4 h.
Loss on ignition, equivalent to wt % organic matter,
was determined by dividing the ashed sample weight
by the pre-burn dry sample weight (Sparks 1996).
Combusted samples were moistened with DI water
and dissolved in 20 mL of 6.0 M HCI. The beakers
were transferred to a hot plate at 100-120 °C until
dry, and then the temperature was raised to high
(~370 °C) for an additional hour. Samples were then
moistened with DI water and 2.25 mL of 6.0 M HCI
was added and placed back on the hot plate until near
boiling. After cooling, samples were filtered through
a Whatman #41 filter paper into 50 mL volumetric
flasks and diluted to volume with DI water. The TP
of the digests was determined colorimetrically using
a SEAL AQ300 Automated Discrete Analyzer (SEAL
Analytical Inc., Mequon, Wisconsin) using U.S.EPA
method 365.1 with a detection level 0.002 mg P L™
(U.S. Epa 1993).

Extractable ammonium (NH,"), nitrate (NO3),
soluble reactive phosphorus (SRP), and dissolved
organic carbon (DOC) were measured by plac-
ing~5 g of thoroughly homogenized field moist soil
subsamples into 40 mL centrifuge tubes. The samples
for extractable NH4+, NO;™, and SRP were extracted
with 20 mL of 2 M KCI. Samples were shaken on a
longitudinal shaker for an hour and then centrifuged
in a Sorvall RC, 5C Plus (Weaverville, NC) centri-
fuge at 4000 g for 10 min at 10 °C. Samples were
vacuum filtered through a 0.45 pm membrane filter,
acidified with concentrated H,SO, for preservation,
and refrigerated at 4 °C until analysis. Samples were
analyzed on a SEAL AQ300 Automated Discrete
Analyzer with detection limits of 0.006 mg NO;-N
L~!,0.007 mg NH,-N L™, and 0.002 mg P L™!, using
EPA methods 126-A Rev. 5, 103-A Rev. 4, 118-A
Rev. 5, respectively. The samples for extractable
DOC were extracted with 25 mL of 0.5 M K,SO,.
The centrifuge tubes shook for an hour, centri-
fuged for 10 min at 4000 g, and the supernatant was
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subsequently filtered through a 0.45 pm membrane
filters. Samples were acidified to a pH<2 with 12 M
HCI and stored at 4 °C until analysis. The DOC con-
centrations were determined on a Shimadzu TOC-V
CNS Analyzer (Kyoto, Japan).

Microbial biomass nitrogen (MBN) was deter-
mined using the chloroform fumigation method after
Brookes et al. (1985) with modifications by White
and Reddy (2000). Fumigate and non-fumigate sam-
ples were prepared by adding duplicate 5 g of wet,
homogenized soil subsamples into centrifuge tubes.
Twenty-five ml of 0.5 M K,SO, of extract were added
to non-fumigate samples and treated as previously
described for extractable DOC. The fumigate samples
were fumigated with chloroform, placed in a glass
vacuum desiccator, vacuum sealed, and incubated for
24 h. Then, the samples were extracted with 25 mL
of 0.5 M K,SO,, shaken on a longitudinal shaker for
1 h, and centrifuged at 4000 g for 10 min at 10 °C.
Samples were then vacuum filtered through a 0.45 pm
membrane filters into scintillation vials, acidified with
concentrated HCI to a pH<2 for preservation, and
refrigerated at 4 °C until analysis. Microbial biomass
nitrogen was analyzed on a Shimadzu TOC-V CNS
Analyzer. The difference in total dissolved N between
the non-fumigate and fumigate paired samples rep-
resents the size of the microbial pool (Brookes et al.
1985; Vance et al. 1987).

Statistical analysis

The nitrate concentration was converted to an areal
basis (mg m~2) and plotted vs. incubation time.
The slope of the linear regression line provided the
nitrate reduction rate in units of mg m~> d~! (Roy &
White 2012). Nitrate reduction rates for the 2.0 mg
NO;-N L' treatment were calculated over 7 days,
except for the vegetated marsh soil whose concen-
tration decreased below 0.5 mg NO;-N L' by day
3. Nitrate reduction rates for the 0.5 mg NO;-N
L~! treatment were calculated over 5 days, except
for the vegetated marsh soil whose concentration
decreased below 0.05 mg NO;-N L™! by day 2. All
values were reported as a mean of all samples (N=4
cores) + standard deviation for each substrate. Statis-
tical analyses were performed using the “aov” and
“Im” functions in R version 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria; R Studio Inc,
Boston, MA, USA). One way ANOVAs were run for
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soil characteristics and nitrate reduction rates. ANO- £ 2
VAs were first tested for normality using the Shap- 5 g
iro—Wilk test (o < 0.05) and visually with normal Q-Q N - % 2 1;,
plots. The assumption of homogeneity of variances z g g «IH-O s 3 Ei
was tested using Levene’s test (< 0.05). A general- '% é g fﬁ érgl g 2
ized linear model (GLM) was used when the data did < 42 E| = % §
not meet the assumptions of an ANOVA even after f‘g’ §
performing transformations. The model with the low- 8 B - | =
est AICc score was chosen, and if the models had TH io & 8 i
identical AICc scores, model selection was based on ; § s 'z EI EI §
the residual plots. Then, ANOVA or GLM was per- o lgE 2|2
formed using Tukey’s honestly significant difference % g
(Tukey’s HSD) post hoc test for pairwise compari- 2 g %’
sons between substrates. e z L+ EE _;-'i
To determine if NO;~ reduction rates between 2 % - °.'E 158
substrates significantly differ from each other and 5 Z8 o ® ® &E
between nitrate treatments, a GLM was used using a 2 AR~ S
Gamma distribution with a log link (NO;™ reduction ﬁ = g
rate ~substrate * treatment). One-way, single-factor 5 § - .. Eﬂ
ANOVASs (x<0.05) were used to examine differences ° Tz S S f
in physicochemical and microbial soil properties é ?D Rl L £
between each soil substrate type for each soil section. § 3 212 g i
2 5
2 :
Results and Discussion § ::
=) =) )
Intact-core incubation: nitrate reduction under an = g é)m Icf %
. o Z Z Z | o
aerobic water column I =
A £
The average water column NO;™ reduction rate for the % % ; g
vegetated marsh, post-diversion marsh, eroded marsh, = g Om g
and estuarine sediment were 23.5+2.7, 11.8+0.43, ; ICSQ %ﬁ - = §
3.42+0.66, and 8.61+0.19 mg NO;-N m™ d7, S |Z E|do|Z
respectively, for the 0.5 mg NO;-N L~! spike; and Z e
711427, 27.8+4.5, 19.7+1.2, and 13.020.75 mg z 5
NO;-N m~2 d~!, respectively, for the 2.0 mg NO;™ -N \QE: g
L! spike (Table 1). Across all four soil/sediments 8 %
and for both initial NO;~ concentrations, the average g %
areal NO;™ reduction rates were significantly differ- % =
ent from one another, with the highest rate in the veg- -§ g
etated marsh soil (Fig. 2). s = >
The average post-diversion marsh NO;~ reduc- EE g
tion rate was~50% of the average vegetated marsh ; § g S
NO;™ reduction rate for the cores spiked with 0.5 mg 27_] é %
NO;-N L™!; while the mean post-diversion substrate §z g P
NO;™ reduction rate was~39% of the mean vege- s | E % 5
- . . <Q | 2 -5
tated marsh NO;™ reduction rate for the cores spiked ~Z | o 27
with 2.0 mg NO;-N L~!. These results demonstrate = & 5 g ;‘5 §
a~49.8% [42.9,56.7] decrease in NO;™ reduction rate e § < A é,';
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Fig. 2 Average + standard
error (n=4 cores) of areal
nitrate reduction rates for
the intact core experiment
under aerobic water column
conditions for each bay
zone and nitrate treatment
(0.5 mg N L' and 2.0 mg

NLh

once the riverine mineral sediment is placed onto the
vegetated organic marsh under lower nitrate concen-
tration range; and a 60.9% [54.4,67.4] decrease in
NO;™ reduction rate under the higher range of nitrate
concentration (Fig. 2).

The decrease in NO;™ reduction rate may be
explained by the soil physicochemical characteris-
tics of both the vegetated organic marsh and mineral
post-diversion river sediment. The concentration of
labile organic carbon can increase by the presence of
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vegetation in the marsh, increasing microbial com-
munities, and enhancing denitrification rates by 55%
(HinShaw et al. 2017; Jiang et al. 2017). In addition,
the organic marsh soil has lower bulk density values
and higher soil moisture contact essentially equiva-
lent to higher soil porosity (Table 2). These aforemen-
tioned conditions can lead to a more direct pathway
for diffusion from the water column into the anaero-
bic layers of the soil, which can increase the water
column NO;™ reduction rate. A meta-analysis study

Table 2 Average sediment/soil physicochemical properties (mean + standard deviation; n=4) determined for homogenized samples
for both sampling depths at three substrate types in Barataria Basin

0-5 cm soil interval

5-10 cm soil interval

Vegetated Post-diversion  Eroded Estuarine Vegetated Eroded Estuarine
marsh marsh* marsh sediment marsh marsh sediment
Moisture con- 78.1+1.78 33.2+0.25¢ 82.5+1.44° 47.1+3.4° 76+2.35° 84.4+0.66° 42.6+5.04
tent (%)
BD (g cm™>) 0.216+0.02°  0927+0.08%  0.189+0.02° 0.758+0.09° 0.248+0.05°  0.169+0.01° 0.854+0.13%
OM (%) 25.4+1.94° 3.4+0.25¢ 32.7+3.83°  6.8+048° 252+3.36° 3974395  5.6+0.48°
TP (mg kg™") 551+31.5° 599 +7.52° 518+24.2°  501+47.0°  502+50.6° 531+15.6° 510+12.1°
TC (g kg™ 107 +11.1° 12.2+0.53¢ 15442028 28.9+2.04° 109+12.7° 200+£30.0° 22.5+2.89¢
TN (gkg™h) 6.83+0.28° 0.8+0.02¢ 8.16+£0.9*  1.55+0.08° 5.98+0.71° 9.54+0.75* 1.37+0.18°
C:N 15.6+1.31° 15.2+0.31° 18.8+0.45* 18.6+0.41* 18.3+0.69° 20.8+1.66* 16.4+0.96°
Ext. NH, (mg 11.9+2.23° 30.2+1.24° 13.1+2.07°  17.8+£3.21° 13.3+1.38" 14.6+0.93°  33.8+5.27%
Nkg™
Ext. PO,”(mg  0.33+0.1*° 0.16+0.14>¢  0.61+0.23* 0.15+0.06° 0.69+0.31° 0.91+0.52*  0.14+0.06"
Pkg™)
Ext. DOC (mg 284 +24.4° 54.3+5° 265+24.5%  57.6+8° 257.9+18.2° 363+45.5°  39.9+6.5°
Ckg™
MBN (mgkg™") 61.4+9.4 9.1+2° 26.8+3.2° 22+04%  55.6+18.2° 55+0.8°  132x1.9°

Different letters indicate significant differences within each soil property and depth section (p <0.05) based on a one-way ANOVA.
The letter ‘a’ denotes a significantly higher value with decreasing value for subsequent letters

BD Bulk Density, OM Organic Matter, MBN Microbial Biomass Nitrogen, Ext. Extractable

*, . . . . . . . . . . . .
The post-diversion marsh represents riverine mineral sediment from Mardi Gras Pass, a Mississippi River crevasse splay
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of 55 publications with 419 denitrification rates from
different vegetated wetlands habitats reported that the
presence of plants overall increased denitrification
rates by ~55% (Alldred & Baines 2016). Conversely,
the 2 cm of fine-grained mineral sediments on top of
the marsh substrate (i.e., post-diversion substrate) can
limit the diffusion rate of nitrate into the soil, there-
fore slowing the overall NO;~ reduction rate. The
vegetated marsh has statistically higher values than
the post-diversion marsh for moisture content, organic
matter, TC, TN, extractable DOC, and MBN, enhanc-
ing NO,;™ microbial respiration (Table 2). The trend
of greater N reduction in marsh soils vs. benthic sedi-
ments has been previously observed in coastal Loui-
siana. One study found there is 2-3 times decrease
in denitrification potential between vegetated marsh
and benthic sediments (Rivera-MonRoy et al. 2013).
Also, benthic N reduction rates were 2.7 times
smaller in the subtidal sediments compared with the
vegetated marsh in a more saline region of Barataria
Basin (Vaccare et al. 2019) (Table 3).

Barataria Basin is undergoing continuous ero-
sion at the edge of the vegetated marsh platform.
The interwoven root mat of the vegetated marsh is
eroded by wave action, causing the marsh to subside
into the bay. The remaining underlying layers of older
marsh are then submerged (Vaccare et al. 2019) and
this facie is what is referred to as the eroded marsh
substrate. DOC values at 0-5 cm soil depth in both
substrates were not significantly different (Table 2).
However, there was a~85.4% [81.7,89.2] decrease in
NO;™ reduction rate in the eroded submerged marsh

compared to the vegetated organic marsh under low
nitrate concentration range; and a 72.3% [70.3,74.3]
decrease in NO;™ reduction rate under the high range
of nitrate concentration (Fig. 2). The soil physio-
chemical properties for each substrate zone indicate
that the vegetated marsh and the eroded marsh zones
are statistically similar for the top 0-5 cm for mean
bulk density, TP, extractable NH4+, PO,™ and DOC,
representing their similar origin (Table 2). However,
the vegetated marsh has significantly higher val-
ues for MBN (61.4+9.4 mg kg~!) compared to the
eroded marsh (26.8 +3.2 mg kg™!), which likely con-
tributed to lower NO;™ reduction in the eroded marsh
substrate (Table 2). In addition, the mineral sediment
which has settled on top of the eroded marsh organic
soil may restrict and reduce the diffusion rate of
NO;™, decreasing the rate of delivery of NO;™ from
the water column to the anaerobic soil layer.

In cores spiked with 0.5 mg NO;-N L™, the aver-
age aerobic NO;~ reduction rate for the vegetated
marsh, post-diversion marsh, eroded marsh, and
estuarine sediment decreased by 66.9% [63.0,70.9],
57.6% [50.6,64.5], 82.7% [79.3,86.2] and 33.8%
[29.8,37.9], respectively, compared to cores spiked
with 2.0 mg NO,~ -N L™1. Across all four substrates
spiked with 2.0 mg NO;-N L~!, there was a relatively
linear NO,~ reduction rate from 300 mg NO;-N m~>
(2.0 mg LY down to 150 mg NO;-N m~2 (1 mg
L") at which the slope (rate) decreases and becomes
asymptotic (Fig. 3A). On the other hand, the lin-
ear NO;~ reduction rate was observed from 75 mg
NO;-N m™2 (0.5 mg L™') down to 37.5 mg NO;-N

Table 3 Average aerobic denitrification rates reported in previous studies along the Louisiana coast

Study area Incubation temp Salinity Nitrate reduction rate References
(PSU) (mg N m~2 day™")

Marsh Benthic sediment

soil
Barataria Basin, LA 20 °C 4.7 24.5+7.06 Cheng & White 2022
Barataria Basin, LA 20 °C 0.1-04 47.5+0.60 29.6+2.08 Upreti et al. 2021
Barataria Basin, LA 20 °C 4.4 50.6+3.89 19.7+3.00 Bowes 2018
Barataria Basin, LA 21 °C 8.9 71.1+2.7 13+0.75 This study
Barataria Basin, LA 21 °C 11 29.3+3.28 10.8+0.62 Vaccare 2019
Barataria Basin, LA 25 °C 14 19.1+1.80 Levine et al. 2017
Wax Lake Delta, LA 20 °C 0.1-0.4 117+£9.37 32.4+0.30 Upreti et al. 2021
Wax Lake Delta, LA 22 °C 0.1-0.2 85.11 68.54 Li et al. 2020
Wax Lake Delta, LA 20 °C 0.2 27.1+£7.08 Hurst 2016
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Substrate Type ® Vegetated Marsh @ Post-Diversion Marsh

Eroded Marsh ¢ Estuarine Sediment

Substrate Type ® Vegetated Marsh @ Post-Diversion Marsh
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m~2 (0.25 mg L) in the cores spiked with 0.5 mg
NO;-N L! (Fig. 3B). According to Fickian diffusion
law, the speed of the solute diffusion is proportional
to the concentration gradient, with the solute moving
from regions of high to low concentration (Hussein
2007). Thus, NO;™ reduction rates were faster when
the water column NO;~ concentrations were greater
vs. lower, primarily due to the primary driver of
Fick’s first law, that being the concentration gradient.
Based on the diffusive transport equation (Eq. 1),
diffusion for the 2.0 mg NO;-NL™" to I mg NO;-N L™
should be hypothetically 4 times faster than going from
0.50 mg NO;-N L™! down to 0.25 mg NO;-N L™!. In
the transport equation (Eq. 1), Jj, is the diffusion flux,
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@ is porosity, D, the diffusion coefficient, C is the con-
centration, and x a distance term. Experimentally, our
results demonstrated, on average, 3.17+ 1.9 times faster
nitrate flux rate in the higher vs. low concentration
treatment, which suggests other factors playing a role in
NO;™ removal and diffusive equations should be used
with caution in predictive models.
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Allochthonous nitrate removal in louisiana coastal
systems: management implications

Wetlands can remove NO;~ from the water column
through microbial respiratory denitrification or plant
and algal biomass assimilation (Jiang et al. 2017).
While there is conservatory biogeochemical path-
ways including assimilative NO;~ reduction and
dissimilatory NO;~ reduction to ammonia, recent
studies have found that these pathways are minimal
in these coastal wetlands with the vast majority of
NO;™ reduce through the denitrification pathway
(Upreti et al. 2021; Vaccare et al 2019). High soil %
OM is positively associated with high denitrification
rates in wetlands (Henry & Twilley 2014). Therefore,
it has also been generally accepted that to remove the
allochthonous NO;™, a high soil % OM is necessary
to maintain wetland denitrification rates. However,
a recent study found that younger, emerging natural
marshes (<43 years) with low % OM content and
higher BD, in Wax Lake Delta were capable of higher
denitrification rates when compared to older degrad-
ing marshes (~ 100 s of years old) with higher % OM
content in upper Barataria Basin. Thus, substantive
denitrification can be sustained in wetlands even with
low %OM at environmentally relevant NO;™ concen-
trations (Upreti et al. 2021). Another study in northern
Barataria Basin also reported higher denitrification
rates in a dredged-created mineral marsh (~9 years
old) compared to a more organic-rich natural marsh
(Cheng & White 2022). These findings are related
to the fact that in most cases, nitrate is the limiting
factor in denitrification in the environment. Stoichio-
metrically, denitrification requires 5 mol of carbon to
reduce 4 mol of nitrate-N (VanZomeren et al 2012;
White et al 2019). Considering that nitrate is gener-
ally measured in a few ppm in the environment and
carbon in wetland soils is measured in percent, it is far
more likely that NO;™ is the limiting factor for deni-
trification. Additionally, a study in the actively grow-
ing Wax Lake delta in Louisiana found that recently
deposited mineral sediments with low TC and TN
content could have high denitrification rate under
high bedload shear stress as advection dominated
over diffusion (Hurst et al. 2019). Another important
factor affecting denitrification is the soil/sediment
time of exposure to NO;~. Gardner and White (2010)
demonstrated that the denitrifying enzyme activ-
ity in coastal wetland soils was well correlated with

the surface water NO;~ concentrations and length
of exposure. The timing of when the river water is
released can impact N removal because of tempera-
ture. Earlier in the spring, the Mississippi River water
is colder and as such, lower rates have been reported
with a drop in water temperature (Bowes et al. 2022).
Therefore, other factors can play a dominant role in
regulating denitrification, beyond the simple correla-
tion with organic matter content.

The post-diversion, future scenario treatment
produced a potential NO;~ reduction rate (i.e.,
27.8+4.5 mg NO;-N m~2 day™!) that is not signifi-
cantly different from previous denitrification rates
found in Barataria Basin for natural, organic marsh
soils, such as 24.5+7.1 (Cheng & White 2022), and
29.3+3.3 mg NO;-N m2d! (Vaccare et al. 2019)
using the same methodology (Table 3). Also, this
rate is not significantly different from denitrification
rates found within the mudflats of Wax Lake Delta,
at 27.1+7.08 N m~2 d~!. Most studies addressing N
removal efficiency in coastal Louisiana have found
that wastewater treatment wetlands, despite the high
NO;™ loading, maintain their nutrient sink charac-
teristics even after 26—70 years of operation. Given
these studies on treatment wetlands, this suggests a
river diversion operated for about 1 month per year
will not lead to reductions in denitrification potential
over time (Day et al. 2018, 2019). Also, changing
salinity has been found to impact denitrification rates
(Marks et al 2016). However, it has been shown that
while salinity pulses penetrate the coastal wetland
soil relatively quickly (McKee et al 2016), a recent
study has shown the reverse (surface freshening over
saline porewater) is not as easily reversed (Feder and
White 2024).

In order to better understand the impact of large-
scale, river reconnection and restoration strategies
on the wetland biogeochemical processing of nitrate,
it is not enough to know the NO;~ reduction rates
across the coastal basin. The Water Institute of the
Gulf and Louisiana CPRA have created an Integrated
Biophysical Model to perform long-term simulations
of essential ecosystem components (hydrodynamics,
morphodynamics, vegetation, and nutrient dynam-
ics) in coastal/deltaic systems to predict response to
global change scenarios and restoration techniques
(Baustian et al. 2018). Using the model, simulations
were run at CRMS 0224 (proximal to our study site)
to predict water level change in model years 2020,
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2030, 2040, and 2050, which was simulated to be
one, ten, twenty and thirty years after river diver-
sion operation, respectively. The water level output
predicts that there will not be a significant change in
water level once the sediment diversion is operated at
most sites beyond a few km distance from the inflow
(Meselhe et al. 2016).

These model results suggest that while Barataria
Basin will receive nutrients and sediment from the
diversion, there is little to no water level change and
much of the river water will not be driven up on to
the vegetated marsh platform during the period of
operation (Meselhe et al. 2016). Consequently, the
spring-neap tidal cycle and the winds will ultimately
continue to control the hydroperiod in the microtidal
lower basin (Li et al. 2011). One study found that veg-
etated marsh platforms in Barataria Bay are flooded
only 31-46% of the time (Valentine & Mariotti 2019).
This finding indicates that although the vegetated
marsh platform has the highest NO;~ reduction rate,
it will also have limited contact with the high nitrate
water distributed from the river. The eroded marsh
and estuarine sediment substrates, both of which are
submerged 100% of the time and will be in continu-
ous contact with the surface water, provides the great-
est opportunity to reduce NO;~ in the water column
(Fig. 4).

Given these constraints, the relative contribution
of each soil/sediment for potential nitrate removal

Fig. 4 The organic-rich
vegetated marsh substrate is
flooded ~38.5% of the time,
while the eroded marsh
substrate and the estuarine
sediment substrate are 100%
of the time submerged

was simply calculated by multiplying the associ-
ated NO;~ reduction rate by the % submergence
time. Although the eroded marsh NO;~ reduction
rate is~70.9% of the post-diversion marsh, and the
estuarine sediment NO;~ reduction rate is~46.8%
of the post-diversion marsh, they could potentially
provide up to 1.84 xand 1.21 X more NO;™ reduction
than the post-diversion marsh due to increased con-
tact time (rate x contact time), on an area equivalent
basis, respectively. This hydrologic-link result occurs
because both (i.e., eroded marsh and estuarine sedi-
ment) are flooded 100% of the time, while the post-
diversion marsh will be submerged~38.5% of the
time. However, these data would need to be scaled
to the areal coverage within the diversion area also
considering hydraulic loading rate and substrate limi-
tation. It is clear the coastal marsh ecosystem, on an
equivalent area basis, can still provide the ecosystem
service of water quality improvement through sub-
stantial N microbial respiration in subtidal substrates,
ameliorating water quality and protecting Louisiana’s
coastal fisheries. This example serves to demonstrate
that it is necessary to not only address NO;~ concen-
tration level, NO,;~ reduction rates, soil types and
organic matter content, but is also necessary to link
inundation period to more accurately predict the over-
all spatial and temporal NO;~ reduction rate. This
linkage is transferable globally, as recent restoration
trends have focused on restoring freshwater flows to
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several other coastal ecosystems (Herbert et al. 2011;
Zedler 2017; Chua et al. 2024).

Conclusion

This study examined differences in nitrate removal
rates between intertidal vegetated organic-rich
marsh soil, subtidal eroded organic-rich marsh
soil, and subtidal estuarine sediment in mid-Bara-
taria Basin as well as a future scenario where the
marsh soil is capped by mineral river sediment after
river reconnection. Soil from vegetated wetlands
expressed the highest NO;~ reduction rates (i.e.,
71.1+2.7 mg NO;-N m~2 d7") under higher inor-
ganic N concentrations (NO;™~2.0-0.5 mg N L™
and decreased~66.9% [63.0,70.9] under lower N
concentration (NO;™ ~0.5-0.05 mg N L~!) driven by
difference in concentration gradient. In contrast, over-
all lower NO;™~ reduction rates (i.e.,<19.7+1.2 mg
NO,-N m™2 d7!') were observed in the subtidal
sediments. The research found that there was
a~55.3+7.9% decrease of nitrate removal rate in the
organic-marsh soil once mineral riverine sediments
cap the organic soil. These findings can assist in bet-
ter predicting nutrient responses to river input in sup-
port of the basin-wide integrated biophysical model
concerning operating the sediment diversions, which
is a critical restoration type in the Louisiana Coastal
Master Plan. Therefore, modeling efforts should
incorporate spatial and temporal variability when
seeking to predict nutrient loading and fate. Further,
these findings can inform effective nutrient manage-
ment strategies in river deltas around the world. All
of the world’s great rivers contain elevated nitrate
concentrations, which subsequently flow into deltaic
coastal areas and this research clearly demonstrates
that interception by wetlands and estuarine sediments
can significantly reduce N loading to coastal waters.
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