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Abstract: Coastal Louisiana is currently experiencing high rates of wetland loss and large-scale
ecosystem restoration is being implemented. One of the largest and most novel restoration projects is
a controlled sediment diversion, proposed to rebuild and sustain wetlands by diverting sediment-
and nutrient-rich water from the Mississippi River. However, the impact of this proposed sediment
diversion on the nutrient budget of the receiving basin is largely unknown. A water quality model
was developed to investigate the impact of the planned Mid-Barataria Sediment Diversion on the
nutrient budget of the Barataria Basin (herein referred to as ‘the Basin’). The model results indicate
that the planned diversion will increase TN and TP pools by about 38% and 17%, respectively, even
with TN and TP loadings that increase by >300%. Water quality model results suggest that the
increase of nutrients in the basin will be mitigated by increased advection transport (i.e., decreased
residence time from ~170 days to ~40 days, leading to greater flushing) and increased removal via
assimilation, denitrification, and settling within the Basin. Advection transport resulted in higher TN
removal in the Basin than other processes, such as uptake or denitrification. Approximately 25% of
the additional TN loading and 30% of the additional TP loading were processed within the Basin
through the assimilation of phytoplankton and wetland vegetation, denitrification, and burial in
the sediment/soils. These nutrient budgets help to better understand how the planned large-scale
sediment diversion project may change the future ecological conditions within the estuaries of coastal
Louisiana and near-shore northern Gulf of Mexico.

Keywords: nutrient budget; water quality; nutrient management; Mississippi River Delta; numerical
model; restoration

1. Introduction

The Mississippi River Deltaic Plain is undergoing rapid change, including the loss
of 25% of the total wetlands area since 1932 [1]. The causes of Louisiana’s wetland loss
include both natural and anthropogenic drivers, such as sea level rise, storm events,
hurricanes, subsidence, hydrological disconnection from riverine sediment delivery due to
the development of levees for flood control measures [2–4] and the excavation of oil and gas
access canals [5] that have impounded water and prevented sheet-flow across the marsh
surface [6]. To protect and restore the Mississippi River Deltaic Plain, the Mid-Barataria
Sediment Diversion project has been planned to re-establish the natural transport and
deposition of sediment carried by the Mississippi River into the Barataria Basin (herein
referred to as ‘the Basin’) [7].

The proposed Mid-Barataria Sediment Diversion project will alter the estuarine ecosys-
tem of the Barataria Basin, building and sustaining land and introducing nutrient-rich fresh-
water to the Basin [8,9]. The proposed sediment diversion will consist of engineered struc-
tures that will use a controlled opening and the power of the Mississippi River (planned
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flow operations are ~2000 m3 s−1 or 75,000 ft3 s−1) to move sediment from the riverine bed
to the estuary. The primary ecosystem goal is to sustain and create emergent wetlands in the
Barataria Basin. Besides moving sediment, a significant amount of freshwater (equivalent
to the annual mean discharge of the Missouri River, 2478 m3 s−1 or 87,520 ft3 s−1) and
nutrients [10–12] will be introduced into the Basin. This has the potential for large-scale
ecosystem changes including changes to the light climate and nutrient concentrations as
well as phytoplankton composition of the estuarine open water [11].

Although the large-scale proposed sediment diversion will be unique to the Louisiana
coast, the resulting impacts on adjacent estuarine ecosystems are not without precedent.
Estuaries globally are changing from various forms of alterations that can influence both
fresh-water inflow and nutrient budgets. For example, climate change is affecting precip-
itation patterns within basins that result in changes to the timing and magnitude of the
delivery of diffuse sources of water and nutrients [13,14] to estuaries. River flows can also
be altered by drought and precipitation changes, influencing the delivery of fresh water to
an estuary and therefore influencing the overall ecology of these systems [15]. For coastal
systems with freshwater scarcity, riverine water is sometimes diverted, or reservoirs are
built to retain water for drinking purposes [16,17]. These climate and direct anthropogenic
changes can significantly influence water input and nutrient dynamics of coastal estuar-
ies, and successful management of these changes requires an understanding of potential
changes to basin-wide water and nutrient budgets.

Nutrient budgets serve as a tool for characterizing basin-wide function and changes
in estuarine ecosystems. In estuaries, nutrient budgets can be an effective ecosystem
planning and assessment technique for major restoration efforts where ecological changes
are predicted, or changes to system drivers such as freshwater inflow are planned [18].
Creating a budget in estuarine systems allows for a better understanding of the major
inputs, outputs, and changes in nutrient dynamics, and their relative importance [19,20].
Quantification of nitrogen and phosphorus nutrient sinks, sources, and processes is essential
because they can be the limiting nutrient for estuarine primary producers [21]. These
primary producers include phytoplankton, submerged aquatic vegetation (SAV), benthic
microalgae, and emergent vegetation, which influence how organic matter is produced,
made available to food webs, and buried [21].

To better predict the potential effect of large freshwater inflows, such as the pro-
posed sediment diversion, on estuarine ecosystems, it is important to understand potential
changes in key ecosystem processes. Those changes can be driven by residence time and
the exchange of nutrients between and within the water column, sediments/soils, and
wetland vegetation. Process-based deterministic models have commonly been used to
understand nutrient dynamics in coastal estuarine and continental shelf ecosystems [22–24].
This is because these models can dynamically calculate nutrient concentrations in water
and sediment/soils by tracking both organic and inorganic nutrients. Ecosystem models
allow for the prediction of nutrient concentrations, loadings, and pools in response to
nutrient loading changes from altered riverine inflow [25].

Modeling efforts have been previously conducted to understand hydrodynamics and
nutrient dynamics in the Barataria Basin. A box model was developed to understand how
Davis Pond influenced estuarine flushing time in the northern Barataria Basin [26]. The
operation of this freshwater diversion can significantly decrease water residence times in
the northern Basin [26]. A box model was used to examine the “Outwelling” hypothesis of
total organic carbon (TOC) export to the coastal ocean [27]. It was found that TOC exported
from the southern Basin was small compared to the TOC load from the lower Mississippi
River to the southern Basin. The “Outwelling” hypothesis was also re-evaluated using
a coupled two-dimensional hydrology-hydrodynamic model and confirmed that TOC
exported from the southern Basin did not significantly affect hypoxia production in the
northern Gulf of Mexico [28]. However, these studies focused on the nutrient export from
the southern Basin to the northern Gulf of Mexico. Thus, to the best of our knowledge,
there is no currently published work on the nutrient dynamics of the entire Barataria Basin
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investigating how increased riverine input to the Basin, such as the proposed sediment
diversion, could influence the Barataria Basin nutrient budget. The objectives of this study
were (1) to calculate the total nitrogen (TN) and total phosphorus (TP) budgets for the
Barataria Basin using a water quality model; (2) to analyze interannual flux variation in the
southern Basin; (3) to evaluate the effect of increased river input on TN and TP budgets;
and (4) to compare the Barataria Basin with other ecosystems.

2. Materials and Methods
2.1. Study Area

The Barataria Basin is an estuarine wetland system in the Mississippi River Delta
in south Louisiana (Figure 1). The Basin is located between the natural levees of the
Mississippi River on the east and Bayou Lafourche on the west and is separated from
the northern Gulf of Mexico by a chain of barrier islands [29]. The Basin encompasses
approximately 6000 km2 of water and wetlands (including fresh to saline marshes) and
experienced losses of wetland area at a rate of nearly 23 km2 per year between 1974 and
1990 [1]. The northern Basin includes several large lakes, while the southern Basin consists
of tidally influenced marshes connected to a large semi-enclosed embayment behind the
barrier islands [30].
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Figure 1. Map of the Barataria Basin showing discrete sampling stations and model domain for wa-
ter quality modeling. Water quality (WQ) sampling stations [31,32] are indicated by red-filled cir-
cles. U.S. Geological Survey (USGS) hydrodynamic stations are indicated by black Xs. Freshwater 
inflows are indicated by magenta triangles. The planned site of the Mid-Barataria Sediment Diver-
sion is indicated by a blue square. Vegetated wetlands are indicated by green shading. The area used 
for nutrient budget calculations is contained within the blue polygon. GIWW = Gulf Intracoastal 
Waterway. ICWW 1&2 = Intracoastal Waterway 1&2. SW Pass = Southwest Pass. 

Figure 1. Map of the Barataria Basin showing discrete sampling stations and model domain for
water quality modeling. Water quality (WQ) sampling stations [31,32] are indicated by red-filled
circles. U.S. Geological Survey (USGS) hydrodynamic stations are indicated by black Xs. Freshwater
inflows are indicated by magenta triangles. The planned site of the Mid-Barataria Sediment Diversion
is indicated by a blue square. Vegetated wetlands are indicated by green shading. The area used
for nutrient budget calculations is contained within the blue polygon. GIWW = Gulf Intracoastal
Waterway. ICWW 1&2 = Intracoastal Waterway 1&2. SW Pass = Southwest Pass.

The mean water depth in the estuarine open water is ~2 m and the salinity of the Basin
ranges from zero in the northeast of the Basin to ~25 at the tidal passes (southeast), with
large seasonal variation [27]. Salinity patterns and variability in the Basin have been the
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subject of several data analyses and modeling studies [33–35]. During times of high river
flows, rainfall effects become insignificant and salinities in the southern part of the Basin
are reduced due to the influence of the river plume on the salinity of coastal waters [36,37].
Salinity increases during times of low river flow, such as the severe drought in 1998–2000,
were a primary cause of high salinity that contributed to an extensive die-off of wetland
vegetation in the Basin in 2000 [38].

2.2. Model

The Delft3D modeling suite (release: Delft3D 4.02.03) was used to simulate the water
quality in the Barataria Basin. The Delft3D modeling suite was developed by Deltares [39]
and is used widely in riverine, estuarine, and coastal systems to understand physical and
environmental processes [23,40,41]. The Delft3D modeling suite consists of the hydrody-
namics (D-FLOW), morphodynamics (D-FLOW-SED-ONLINE), and nutrient dynamics
(D-WAQ) models. The D-WAQ model simulates nutrient dynamics through interaction
with vegetation (VEGMOD module) as well as phytoplankton (BLOOM module) [42–44].

The nutrient dynamics component includes various biogeochemical processes via
nitrogen, phosphorus, and carbon pathways and includes interactions between nutrients,
organic matter, and the electron-acceptors in the water and sediment/soils [25,42]. Given
the wide range of salinities (0 to 25) in the Barataria Basin, both freshwater phytoplankton
(e.g., chlorophytes, diatoms, and cyanobacteria including the potentially toxic Microcystis
spp. and Dolichospermum, (previously known as Anabaena spp.) and marine phytoplankton
(e.g., dinoflagellates) were modeled in the BLOOM module. The VEGMOD simulated
change in vegetation biomass of seven key representative taxa. Further information about
phytoplankton and vegetation variables can be found in Appendix A. A detailed description
of the nutrient dynamics component can be found in [42–44].

The model domain was designed to cover the entire Barataria Basin but was limited
to Lac des Allemands as the northern boundary and Port Fourchon and Southwest (SW)
Pass as the southern open boundary (gray polygon in Figure 1). The model bathymetry
and topography were constructed based on the U.S. Geological Survey (USGS) data used
for the 2017 Coastal Master Plan [1]. A depth-averaged horizontal two-dimensional model
was used for the water because the shallow open water depth (~2 m) inside the Basin was
assumed to have thorough vertical mixing. The spatially varying model grids were used to
capture complicated bathymetry and topography changes inside the Basin and improve
the computational efficiency. A higher grid resolution (~30 m) was used to capture water
and mass exchanges through passes between the southern Basin and the northern Gulf
of Mexico and through narrow channels in the Basin, whereas a lower grid resolution
(~1 km) was used in the northern Gulf of Mexico. The 2010 Land Use Land Cover (LULC)
dataset from the 2012 Coastal Master Plan [45] was used to define the vegetated areas on
the model grids (Figure 1). Initial vegetation biomass in the vegetated areas was specified
using maximum vegetation biomass data representing the winter and spring seasons [44].

The hydrodynamic model grids were aggregated into segments for the nutrient dy-
namics model based on the characteristics of bathymetry and topography to reduce run
time. For example, hydrodynamic grids in vegetated areas were aggregated into several
segments to capture the broad characteristics of bathymetry and topography in the vege-
tated area. Water grids were also aggregated separately in deep water zones (i.e., ≥1 m)
and shallow water zones (i.e., <1 m). The sizes of segments range from 5 × 104 m2 to
1 × 108 m2. The total number of segments for the water quality simulation was 2169.
Interactions at the sediment/soil-water interface were simulated on seven sediment/soil
depth layers representing the top 40 cm of the sediment/soil layer. The upper layers were
very thin (1–4 mm) to consider steep concentration gradients at the benthic boundary layer,
and the overall thickness of all seven layers was between 1–200 mm.
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2.3. Current Freshwater Inflows

Freshwater sources into the Barataria Basin were simulated for the years 2009, 2010,
and 2011 (Figure 1). There are seven sources of freshwater that flow directly into the Basin
(i.e., Davis Pond Freshwater Diversion, West Pointe a la Hache Siphon, Naomi Siphon,
Gulf Intracoastal Waterway (GIWW), Intracoastal Waterway (ICWW 1 & 2), Lac des Alle-
mands), and net precipitation (i.e., precipitation minus evapotranspiration). Discharges
at Lac des Allemands and ICCW 1 and 2 were previously calculated for the 2017 Coastal
Master Plan—Integrated Compartment Model [46]. The discharges through Grand Pass
(with r2 = 0.92) and West Bay (with r2 = 0.94) were estimated using regression equations
between the Mississippi River discharge measured at Belle Chasse and discharges from the
Grand Pass and West Bay [47]. Discharge data from Davis Pond (295501090190400), GIWW
(07381235), and Naomi (07380238) were obtained from the USGS National Water Informa-
tion System [48]. Discharge data for West Pointe a la Hache was extracted from the 2017
Louisiana Coastal Master Plan [49]. The daily precipitation data were downloaded from the
National Oceanic and Atmospheric Administration (NOAA) website: (http://www.esrl.
noaa.gov/psd/repository/entry/show?entryid=e578f9-ec09-4e89-93b4-babd5651e7a9 (ac-
cessed on 4 May 2015)). Monthly evapotranspiration data were downloaded from the
International Water Management Institute’s World Water and Climate Data Atlas (https://
www.iwmi.cgiar.org/resources/world-water-and-climate-atlas/download/slow-link/ (ac-
cessed on 4 May 2015)).

Based on the compiled measured and modeled data of freshwater inputs, annual total
freshwater inflow volumes into the Barataria Basin were calculated for 2009, 2010, and
2011 (Table 1). Freshwater inputs from Grand Pass and West Bay were about 10 to 20 times
greater than the total freshwater inputs flowing into the Basin from north to south towards
the Gulf of Mexico (Table 1). Some of this freshwater flowing to the north from Grand Pass
and West Bay influenced the modeled area of the Barataria Basin, changing both water
flow and salinity in the southern Basin. The highest total freshwater inflow volume was
8.11 × 109 m3 in 2009 and the lowest was 3.21 × 109 m3 in 2011. The increase in freshwater
inflow in 2009 was mainly caused by increased discharges from Davis Pond (about 41% of
total freshwater inflow volume). In terms of freshwater volume, 2009 was a year with a rela-
tively high inflow of freshwater and considered a wet season (rainfall > evapotranspiration)
for the Basin. On the other hand, 2011 was a year with relatively low freshwater inflow
and considered a low rainfall season (rainfall < evapotranspiration) in the Basin. Although
2010 was the wettest year, the total freshwater inflow was lower than in 2009 because
freshwater inflow from Davis Pond was about one-tenth of that in 2009.

Table 1. Annual freshwater inflows into the Barataria Basin model domain for the water quality
model simulation period (2009 through 2011). Those in bold indicate the total freshwater inflow in
the Basin for the current River input and Increased River input, respectively.

Freshwater Inflows (×109 m3 year−1)
Years

2009 2010 2011

Davis Pond Freshwater Diversion 3.54 0.36 0.09
Intracoastal Waterway (ICWW) 1 and 2 0.10 0.10 0.10

Lac des Allemands 1.41 1.41 1.41
Naomi Siphon 0.11 0.36 0.09

Gulf Intracoastal Waterway (GIWW) 1.84 1.84 1.84
West Pointe a la Hache Siphon 0.40 0.65 0.28

Net precipitation 0.71 0.74 −0.60
All in Barataria Basin 8.11 5.46 3.21

All in Barataria Basin with Increased River Input 11.4 13.2 16.9
Grand Pass 54.4 49.9 51.5
West Bay 34.2 31.0 32.2

http://www.esrl.noaa.gov/psd/repository/entry/show?entryid=e578f9-ec09-4e89-93b4-babd5651e7a9
http://www.esrl.noaa.gov/psd/repository/entry/show?entryid=e578f9-ec09-4e89-93b4-babd5651e7a9
https://www.iwmi.cgiar.org/resources/world-water-and-climate-atlas/download/slow-link/
https://www.iwmi.cgiar.org/resources/world-water-and-climate-atlas/download/slow-link/
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2.4. Water Quality Data

Monthly physical, chemical, and ecological data measured in the Barataria Basin were
collected from 2009 through 2011 [31,32]. These data include nitrite (NO2) + nitrate (NO3),
phosphate (PO4), ammonium (NH4), silicate (Si), TN, TP, chlorophyll-a (Chl-a), salinity,
temperature, dissolved oxygen, and total suspended sediment (TSS).

For the northern Gulf of Mexico-open boundary, data measured at station WQ-1
was used (refs. [31,32], Figure 1). Input concentrations to the Basin through Lac des
Allemands were specified by data from station WQ-28 (ref. [31,32], Figure 1). For other
inflow concentrations, data measured at the WQ-29 station (near the Davis Pond Freshwater
Diversion outfall) were used for the model simulation because all those inflows were
from the Mississippi River (refs. [31,32], Figure 1). Particulate organic carbon (POC) was
estimated by dividing particulate organic matter (POM) by 2.5, which is a dry matter
carbon ratio of the particulate detritus fractions [43]. Dissolved organic carbon (DOC) was
estimated from DOC = 0.7 × POC using a relationship between TOC = DOC + POC and
DOC = 0.6 × TOC (which was found from TOC and DOC measurement data between 2006
to 2016 at USGS Belle Chase (USGS 07374525)). The relationship between DOC and TOC
was also assumed for total organic nitrogen (TON) and total organic phosphorus (TOP)
to estimate dissolved organic nitrogen (DON) and phosphorus (DOP). For example, TON
was estimated from TN–DIN (NO2 + NO3 + NH4), and then DON was estimated from
0.6 × TON. Particulate organic nitrogen (PON) and phosphorus (POP) were calculated by
subtracting DON and DOP from TON and TOP, respectively.

Constant atmospheric depositions for nitrogen (70% NH4 and 30% NO3) and phos-
phorus (PO4) were imposed as 2.5 × 10−3 g N m−2 day−1 and 0.2 × 10−3 g P m−2 day−1,
respectively [50], based on data from the National Atmospheric Deposition Program [51].

2.5. Increased River Input Scenario

To evaluate the potential impacts of increased river input—simulating operation of
the planned sediment diversion—on nutrient budgets in the Basin, the simplified discharge
time series data for 2009, 2010, and 2011 were designed for this study based on the proposed
sediment diversion operation plan [52]. In the model, freshwater was diverted from the
Mississippi River at a rate of up to 2123 m3 s−1 (75,000 ft3 s−1) when the Mississippi River
discharge was above 16,900 m3 s−1 (600,000 ft3 s−1) between January to August (Figure 2).
All freshwater inflows into the Basin due to the increase in river input for 2009, 2010,
and 2011 were 11.4, 13.2, and 16.0 × 109 m3 year−1, respectively (Table 1). The incoming
water quality (nutrients, TSS, temperature, salinity, dissolved oxygen) was defined by
measured data [31,32] at station WQ-29 (Figure 1) representing water quality conditions in
the Mississippi River.
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2.6. Nutrient Budget Analysis

The nutrient budget was based on the model results and designed to cover the entire
Barataria Basin (spatial extent included within the blue polygon, Figure 1). The southern
Basin boundary was defined along the barrier islands. The nutrient budget area was com-
posed of two pools: (1) water and (2) sediment/soils. The two pools were connected to
allow for vertical nutrient fluxes or exchanges between water and sediment/soils [44]. The
water inflows include all freshwater flows into the Barataria Basin such as Davis Pond,
Naomi, West Pointe a la Hache, GIWW, ICWW 1 & 2, and Lac Des Allemands. Increased
river water input (i.e., the proposed Mid-Barataria Sediment Diversion) was also considered
as water inflow. The exchange with the northern Gulf of Mexico (GOM) indicates nutrient
exchanges between the southern Basin and the northern Gulf of Mexico. The atmosphere in-
dicates atmospheric loading into the Basin. Phytoplankton includes various phytoplankton
dynamics such as primary production, autolysis, nutrient uptake, mortality, decomposition,
and settling of detritus. Internal processes include processes that affect nutrient budgets
through reactions with other substances such as absorption/desorption and precipitation
of PO4 and mineralization of organic nitrogen and phosphorus. Wetland vegetation refers
to the wetland vegetation dynamics such as growth and mortality. Sediment/soils indicate
nutrient exchanges between water and sediment/soils. Denitrification refers to the NO3
lost under anaerobic conditions. Release/burial accounts for the transport of nutrients
to and from groundwater or the removal of nutrients below the simulated layers. In the
nutrient budget calculation, internal transformations of inorganic nutrients (i.e., NH4 to
NO3) were not included in the budget calculations. TN is a sum of PON, DON, and DIN
(NH4 + NO3). TP is a sum of POP, DOP, and PO4.

3. Results
3.1. Model Performance

The hydrodynamic model was calibrated for water elevation using the Chezy bed
roughness coefficient (i.e., wetland marsh = 60; shallow and deep open water = 75) from
years 2009 and validated for water elevation from 2010 and 2011 at four USGS stations
(Figure 1). The water quality model was calibrated (using 2009 data) and validated (using
2010 and 2011 data) from observed water quality variables (i.e., Chl-a, TN, DIN, TP, PO4,
and Si) with salinity and temperature at 26 stations (Figure 1). The model was primarily
calibrated by adjusting phytoplankton growth and mortality rates, decay rates of POC, and
settling velocities of phytoplankton and particulate organic matter. Further information on
calibration coefficients for the water quality model is provided in Appendix A.

The model performance for the entire Barataria Basin was visualized on a ‘Taylor
diagram’ [53] and a ‘target diagram’ [54] for water quality variables including salinity and
temperature (Figure 3). The observed and modeled water quality time series data were
collected from all 26 stations in the Basin for the years 2009 through 2011. Statistical metrics,
such as correlation coefficients and biases between the modeled and observed data, were
calculated for each station. These metrics were then averaged across all stations to evaluate
the overall agreement between the model and observed data in the entire Basin. These
metrics quantify the degree of agreement between the model and observational data.

The target diagram depicts the difference between modeled and observed data in
terms of the bias (B) and the normalized, signed, unbiased root-mean-squared difference
(unRMSD). In the target diagram, a circle with a radius of 1 corresponds to a total unRMSD
equal to the standard deviation of the observations. The center of the target diagram repre-
sents a perfect match of model results to observed data. Model results within the drawn
circle with unRMSD = 1 can be considered reasonable and the results within unRMSD = 0.74
can be considered good [55]. The target diagram (Figure 3a) showed that most water quality
variables were plotted within a drawn circle with unRMSD = 1, which can be considered
reasonable (Figure 3a). The Taylor diagram using a polar coordinate system can show the
correlation coefficients (R), normalized standard deviation (σr), and root-mean-squared
difference (RMSD), simultaneously. If a model output is perfectly matched with observed
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data, the point will be plotted on (1, 0) on the normalized Taylor diagram. The Taylor dia-
gram (Figure 3b) showed that temperature, salinity, and Si had relatively high correlation
coefficients (>0.7). Most of the water quality variables had correlation coefficients greater
than 0.4, with only TP and Chl-a being less than 0.4 (Figure 3b). Overall, the model showed
a capability to simulate physical and biogeochemical processes influencing water quality in
Barataria Basin. Further comparisons between modeled and measured water elevation and
water quality variables are provided in Appendix B.
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Figure 3. Target (a) and Taylor (b) diagrams to describe water quality model performance. Symbols
represent water quality variables including temperature and salinity. A dotted circle in (a) represents
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Sal is salinity. Chl-a is chlorophyll a, TN is total nitrogen, DIN is dissolved inorganic nitrogen, TP is
total phosphorus, PO4 is phosphate, and Si is Silicate.

3.2. TN and TP Budgets with Current River Input

Total nitrogen and phosphorus budgets in the Barataria Basin were calculated using
water quality model results for the years 2009 through 2011 (Tables 2 and 3).

The TN and TP budget diagrams in terms of annual mean net fluxes were constructed
for the Barataria Basin (Figure 4) based on model simulation results (Tables 2 and 3). In this
diagram, the changes in nitrogen and phosphorus content of phytoplankton and vegetation
were considered in the TN and TP stocks. The fluxes were defined as gain (+) and loss
(−) in terms of mass in a pool. Gains occurs with an increased mass of nutrients through
advection and internal biogeochemical processes. Loss occurs with a decrease or removal
of nutrient mass, such as identification and settling of particulates.

3.2.1. TN Budget

The mean TN budget in water and sediment/soils under the Current River Input
condition was calculated from 2009 through 2011 (Table 2 and Figure 4a). Under current
conditions nutrients carried by freshwater surface inflows are the predominant source (i.e.,
94% of all nutrient inflows were consumed, only 6% of all nutrient inflows were exported)
for TN in the Basin. The long-term average exchange with the northern Gulf of Mexico
through the mouth of the basin is small by comparison.
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Table 2. Modeled annual mean total nitrogen (TN) and dissolved inorganic nitrogen (DIN) fluxes of
the Barataria Basin for a scenario with Current River Input and Increased River Input for years 2009
through 2011. Note that grey highlighted cells (bold numbers) are summarized in Figure 4. GOM
represents the Gulf of Mexico. Positive and negative values indicate the net flux in and out of the
pools, respectively.

Water Column Pool

Gains (×109 g N year−1) Losses (×109 g N year−1) Net (×109 g N year−1)

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

TN DIN TN DIN TN DIN TN DIN TN DIN TN DIN
Water inflows 8.8 5.7 35.9 25.5 0.0 0.0 0.0 0.0 8.8 5.7 35.9 25.5
Exchange with GOM 96.6 37.8 99.7 39.5 97.1 30.5 120.7 41.6 −0.5 7.3 −20.9 −2.1
Sediment/Soils 101.6 51.8 118.6 66.2 144.3 22.8 169.3 36.5 −42.8 29.0 −50.7 29.7
Atmosphere 0.6 0.6 0.6 0.6 0.0 0.0 0.0 0.0 0.6 0.6 0.6 0.6
Internal process 15.0 15.0 17.5 17.5 0.0 0.0 0.0 0.0 15.0 15.0 17.5 17.5
Phytoplankton 132.4 17.0 159.9 20.2 132.3 75.0 159.8 91.7 0.1 −58.0 0.1 −71.5
Wetland vegetation 33.7 0.0 35.1 0.0 0.0 0.0 0.0 0.0 33.7 0.0 35.1 0.0
Denitrification 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 −0.0 −0.0 −0.0 −0.0

Sediment/Soils Pool

Gains (×109 g N year−1) Losses (×109 g N year−1) Net (×109 g N year−1)

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

TN DIN TN DIN TN DIN TN DIN TN DIN TN DIN
Water column 144.3 22.8 169.3 36.5 101.6 51.8 118.6 66.2 42.8 −29.0 50.7 −29.7
Atmosphere 2.5 2.5 2.5 2.5 0.0 0.0 0.0 0.0 2.5 2.5 2.5 2.5
Wetland vegetation 54.6 0.0 56.8 0.0 88.3 88.3 91.9 91.9 −33.7 −88.3 −35.1 −91.9
Internal process 133.7 133.7 143.3 143.3 0.0 0.0 0.0 0.0 133.7 133.7 143.3 143.3
Denitrification 0.0 0.0 0.0 0.0 21.4 21.4 26.4 26.4 −21.4 −21.4 −26.4 −26.4
Seepage/Burial 9.9 2.5 8.3 2.2 0 0 0 0 9.9 2.5 8.3 2.2
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Table 3. Modeled annual mean total phosphorus (TP) and phosphate (PO4) fluxes of the Barataria
Basin for a scenario with Current River Input and Increased River Input for years 2009 through 2011.
Note that grey highlighted cells (bold numbers) are summarized in Figure 4. GOM represents the
Gulf of Mexico. Positive and negative values indicate the net flux in and out of the pools, respectively.

Water Column Pool

Gains (×109 g P year−1) Losses (×109 g P year−1) Net (×109 g P year−1)

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

TP PO4 TP PO4 TP PO4 TP PO4 TP PO4 TP PO4
Water inflows 0.9 0.4 2.9 1.3 0.0 0.0 0.0 0.0 0.9 0.4 2.9 1.3
Exchange with GOM 9.4 3.8 9.6 3.7 9.7 3.4 11.3 3.7 −0.3 0.4 −1.7 0.0
Sediment/Soils 12.3 8.5 13.0 8.8 14.1 4.7 15.5 4.9 −1.9 3.8 −2.5 3.9
Atmosphere 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1
Phytoplankton 13.1 1.7 14.5 1.8 13.1 7.5 14.1 8.4 0.0 −5.8 0.4 −6.6
Internal process 0.0 1.2 0.0 1.3 0.0 0.1 0.0 0.1 0.0 1.1 0.0 1.2
Wetland vegetation 1.2 0.0 1.2 0.0 0.0 0.0 0.0 0.0 1.2 0.0 1.2 0.0

Sediment/Soils Pool

Gains (×109 g P year−1) Losses (×109 g P year−1) Net (×109 g P year−1)

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

Current
River Input

Increased
River Input

TP PO4 TP PO4 TP PO4 TP PO4 TP PO4 TP PO4
Water 14.1 4.7 15.5 4.9 12.3 8.5 13.0 8.8 1.9 −3.8 2.5 −3.9
Atmosphere 0.2 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.2
Internal process 0.0 11.2 0.0 11.6 0.0 4.4 0.0 4.6 0.0 6.8 0.0 7.0
Wetland vegetation 2.0 0.0 2.1 0.0 3.2 3.2 3.3 3.3 −1.2 −3.2 −1.2 −3.3
Seepage/Burial 0.0 0.0 0.0 0.0 0.8 0.0 1.5 0.0 −0.8 0.0 −1.5 0.0

Within the Basin, model calculations indicate that internal TN fluxes, due to cycling
within the water column and exchanges between the water column, sediment, and veg-
etation, are large compared with the loading of TN into the Basin from external sources.
The major gain of TN in the water column pool was from phytoplankton uptake (34%
of total TN gain). Phytoplankton produced TN (132.4 × 109 g N year−1, Table 2) from
primary production (57%) via photosynthesis, detritus (30%) via mortality, and autolysis
(17%), respectively. Primary production and detritus contributed to TON whereas autolysis
produced DIN. However, the DIN uptake (−75.0 × 109 g N year−1) and biomass loss
through mortality (−57.0 × 109 g N year−1) of phytoplankton were one of the major TN
losses (−132.3 × 109 g N year−1 and 35% of total TN loss) in the water column, resulting in
the net TN flux from phytoplankton near zero.

The nitrogen supply (101.6 × 109 g N year−1) from sediment/soils was a significant
contributor to the TN gain (26% of total TN gain 388.7 × 109 g N year−1) in the water column
(Table 2). The sediment/soil flux provided 40% DIN (51.5 × 109 g N year−1 of total DIN gain
127.9 × 109 g N year−1) to the water column through mineralization of sediment organic
matter, which contributed 69% of DIN taken up by phytoplankton (75 × 109 g N year−1).
Strong negative flux from water to sediment/soils for TN (−144.3 × 109 g N year−1 and
39% of total TN loss −373.7 × 109 g N year−1) was mainly related to the settling of PON
originated from the mortality of phytoplankton and wetland vegetation biomass that
contributes to burial or losses.

Wetland vegetation aboveground biomass was an important source of PON produced
and was the largest net flux of 33.7 × 109 g N year−1 (about 9% of total TN gain) in the
water column whereas settling of organic material was the largest net flux of TN removal
(−42.8 × 109 g N year−1) from the water column (Table 2 and Figure 4a).

Inflow and outflow of TN through the southern Basin boundary were 96.6 × 109 g N year−1

and −97.1 × 109 g N year−1, respectively. The direction of net fluxes of TN at the southern
Basin boundary were from the Basin to the northern Gulf of Mexico, but the flux difference
between inflow and outflow was small (−0.5 × 109 g N year−1, Figure 4a). The nitrogen
fluxes through the southern Basin boundary were dominated by TON (i.e., 61% and 69% of
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inflow and outflow of TN in the water column, respectively, Table 2). However, a significant
amount of DIN was imported through the southern Basin boundary (i.e., the inflow of
DIN = 37.8 × 109 g N year−1 and outflow flux = −30.5 × 109 g N year−1, Table 2) from the
northern Gulf of Mexico to the Basin.

In the sediment/soils pool, the major source of nitrogen was a supply from the water pool
(144.3 × 109 g N year−1 and 42% of total TN gain in sediment/soils 345.0 × 109 g N year−1).
Assuming all PONs from dead phytoplankton (57.3 × 109 g N year−1 = (132.3−75.0) ×
109 g N year−1) and vegetation (33.7 × 109 g N year−1) in the water pool are transported
to the sediment/soil pool, these PONs contributed 63% of TN gained from the water pool
(144.3 × 109 g N year−1). The PON was transformed into dissolved organic or inorganic forms
and the DON and DIN were later released back to the water column (i.e., 49.7 × 109 g N year−1

(=(101.6−51.8) × 109 g N year−1) for DON and 51.8 × 109 g N year−1 for DIN in Table 2). Ma-
jor DIN loss in soils was primarily related to wetland vegetation uptake (88.3 × 109 g N year−1

and 55% of total DIN loss in sediment/soils, Table 2). Denitrification was an important DIN
loss in sediment/soils (21.4 × 109 g N year−1 and 10% of total TN loss in sediment/soils
211.3 × 109 g N year−1). Considering the net flux between water and sediment/soils and
denitrification, the TN removal rate in the water pool was about −42.8 × 109 g N year−1

(−12.6 g N/m2 year−1 within an area of 3.45 × 109 m2).
Considering the water and sediment/soils pools together, the importance of the

processes related to the DIN loss in the Basin was calculated (Figure 5). Under the Current
River Input condition, most DIN in the Basin was assimilated by wetland vegetation (41%)
and phytoplankton (35%). Only 14% of the total DIN was exported offshore. DIN loss
through denitrification was about 10% of the total DIN.

1 
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Figure 5. Modeled dissolved inorganic nitrogen (DIN) loss/uptake estimate 
with Current River Input and Increased River Input. GOM represents the Gulf 
of Mexico. (a) DIN loss in the Basin. Error bars represent the standard deviation 
among years. (b) % of DIN loss based on total DIN loss (i.e., a total of the 
exchange with GOM, Phytoplankton uptake, wetland vegetation uptake, and 
denitrification). 
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represent the standard deviation among years. (b) % of DIN loss based on total DIN loss (i.e., a total
of the exchange with GOM, Phytoplankton uptake, wetland vegetation uptake, and denitrification).

3.2.2. TP Budget

Mean TP and PO4 fluxes in water and soils were calculated using the numerical model
results from 2009 through 2011 (Table 3 and Figure 4b). In general, TP and PO4 fluxes
showed similar patterns to TN and DIN. Under current conditions, nutrients carried by
freshwater surface inflows are the predominant source (~90% of all inflows) for TP in
the Basin. About 33% (=0.3 of 0.9 × 109 g P year−1) of the total TP load into the Basin
is exported to the northern Gulf of Mexico through the southern Basin boundary. The
remaining 67% is removed within the Basin by processes of nutrient uptake that are used
to build organic matter that ultimately becomes buried in the sediments.

Within the Basin, model calculations indicate that internal TP fluxes, due to cycling
within the water column and exchanges between the water column, sediment, and veg-
etation, are large compared with the loading of TP into the Basin from external sources
(Table 3). Phytoplankton was not only the largest source of TP, but also the second-largest
loss of TP from the water column, resulting in zero net flux of TP to the water column.
The phytoplankton produced TP (13.1 × 109 g P year−1, Table 3) from primary production
(57%) via photosynthesis, detritus (30%) via mortality, and autolysis (13%), respectively.
The nutrient uptake (−7.5 × 109 g P year−1) and phytoplankton biomass loss through
mortality (−5.6 × 109 g P year−1) were the major losses (−13.1 × 109 g P year−1 and 35%
of TP loss) of TP, causing a near zero net loss of TP flux from phytoplankton.

The phosphorus exchange between water and sediment/soils was a significant con-
tributor of TP to the water pool (Table 3). The PO4 (8.5 × 109 g P year−1) released from
the sediment was a major source supporting the primary production of phytoplankton
(7.5 × 109 g P year−1). Negative fluxes from water to soil/sediment for TP were mainly
related to the settling of POP from the mortality of phytoplankton and wetland vege-
tation. Based on the mean phosphorus fluxes, the TP removal rate in the Basin was
−1.87 × 109 g P year−1 (−0.55 g P m2 year−1 with the nutrient budget area 3.45 × 109 m2)
given the net flux between water and sediment/soils.

3.3. Interannual Water, TN, and TP Fluxes Variation with Current River Input

Modeled annual net water fluxes at the southern Basin boundary from 2009 through
2011 were 281, 204, and 168 m3 s−1, respectively, and their directions were from the Basin
to the northern Gulf of Mexico (Figure 6a). TN and TP flux results showed that the TN
and TP loadings through water inflows in the Basin decreased (Table 4) as freshwater
inflows decreased from the year 2009 through 2011 (Figure 6a). Net TN and TP fluxes
through the southern Basin boundary varied in terms of net flux direction and magni-
tude from 2009 through 2011 (Table 4 and Figure 6a). In 2009 the net flux of TN was
−2.8 × 109 g N year−1 (from the Basin to the northern Gulf of Mexico) but the net flux
in 2011 changed to 1.8 × 109 g N year−1 (from the northern Gulf of Mexico to the Basin).
The export TN fluxes through the boundary increased as the freshwater inflows in the
Basin increased. However, net fluxes of DIN and PO4 were consistent in the Basin from the
northern Gulf of Mexico regardless of freshwater inflows in the Basin under the Current
River Input condition (Table 4 and Figure 6a).
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Figure 6. Modeled net flux of water, nitrogen, and phosphorus between the southern Barataria Basin
and the Gulf of Mexico with Current River Input (a) and Increased River Input (b). A negative sign
indicates that the net flux flows out from the Basin to the northern Gulf of Mexico.

Table 4. Modeled annual water volume, residence time, net total nitrogen (TN), and total phosphorus
(TP) fluxes (×109 g N year−1) for Current River Input and Increased River Input in the Barataria
Basin for years 2009, 2010, and 2011. The net fluxes in the parenthesis represent dissolved inorganic
nitrogen (DIN) and phosphate (PO4), respectively. The positive sign represents gains of nitrogen into
the Basin. GOM represents the Gulf of Mexico.

Water Volume
(×109 m3)

Residence
Time (Days)

TN (DIN)
×109 g N year−1

TP (PO4)
×109 g P year−1

Water
Inflows

Exchange
with GOM

Water
Inflows

Exchange
with GOM

Current
River
Input

2009 2.13 87.7 12.8 (8.5) −2.8 (6.2) 1.3 (0.55) −0.5 (0.3)
2010 2.08 117.8 7.9 (5.5) −0.5 (7.5) 0.8 (0.37) −0.3 (0.4)
2011 2.07 142.2 5.9 (3.3) 1.8 (8.2) 0.5 (0.29) 0.0 (0.6)

Increased
River
Input

2009 2.15 37.1 35.5 (26.1) −20.2 (−1.6) 3.1 (1.3) −1.8 (0.0)
2010 2.45 44.8 33.8 (25.3) −19.0 (−3.0) 2.8 (1.4) −1.8 (−0.3)
2011 2.09 35.9 38.5 (25.1) −23.6 (−1.7) 2.8 (1.2) −1.6 (0.3)
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3.4. Effect of Increased River Input on Nutrient Pools and Fluxes within the Basin

Model results (Tables 2 and 3, and Figure 4) suggest that increased river input would
result in large increases in nutrient loading to the Basin, quadrupling (four times increase)
the total influx of TN and tripling (three times increase) the total influx of TP. However, TN
and TP pools did not increase proportionately with the increased nutrient influxes. Annual
mean stocks (Figure 4) of TN and TP in the water pool increased from 2.19 to 3.04 × 109 g N
(38% increase) and 0.24 to 0.28 × 109 g P (17% increase), respectively. However, increases
in nutrient exports to the northern Gulf of Mexico and into the sediment/soils more closely
reflected changes in total nutrient input. For example, the net TN flux to the northern Gulf
of Mexico increased from 0.5 × 109 g N year−1 to 20.9 × 109 g N year−1 or about 40 times
while the net TP flux to the northern Gulf of Mexico increased from 0.3 to 1.7 × 109 g P
year−1 or about six times. In contrast to the relatively high increase in TN and TP exports,
net TN and TP transport to sediment/soils were relatively small. Net TN and TP transport
to sediment/soils increased by 18% and 32%, respectively.

Under the Increased River Input condition, the total input of TN into the Basin in-
creased by nearly three times the current inputs, an increase of 27.1 × 109 g N year−1

(=35.9 × 109 g N year−1−8.8 × 109 g N year−1) compared to the Current River Input
(Table 2). About 75% (=(20.9−0.5)/(35.9−8.8) × 109 g N year−1) of this increase in TN
loading was exported to the northern Gulf of Mexico. The remaining 25% of TN loading
added by the planned diversion was removed within the Basin by processes of nutrient
uptake, denitrification, and settling, hence reducing the nitrogen entering the northern
Gulf of Mexico from the Mississippi River water flowing through the sediment diversion
by 25% per annum. The total input of TP into the Basin increased by two times the current
inputs (Table 3), an increase of 2.0 × 109 g P year−1 (=2.9 × 109 g P year−1−0.9 × 109 g P
year−1). About 70% (=(1.7−0.3)/(2.9−0.9) × 109 g P year−1) of this increase in TP loading
is exported to the northern Gulf of Mexico. The remaining 30% of TP loading added by the
planned diversion is buried in the sediment/soils.

In the sediment/soils pool, TN, particularly nitrate, loss by denitrification slightly
increased from 21.4 to 26.4 × 109 g N year−1 or about 12% due to increased organic material
input from the water pool (Table 2 and Figure 4a). The net TN and TP fluxes through
wetland vegetation did not change significantly with the increased river input compared to
the Current River Input conditions (Tables 2 and 3, and Figure 4).

Considering the water and sediment/soils pools together, DIN under the Increased
River Input condition (Figure 5) was taken up by vegetation (37%) and phytoplankton (36%)
in similar proportions. Only 17% of the total DIN was exported offshore via the southern
Basin boundary. DIN loss through denitrification was about 10% of the total DIN. Com-
pared to the Current River Input conditions, DIN uptake by wetland vegetation decreased
to 4%. Instead, export to the offshore and phytoplankton uptake increased by 3% and 1%,
respectively. The TN removal rate in the water pool increased by −50.7 × 109 g N year−1

(−14.7 g N m−2 year−1 within an area of 3.45 × 109 m2) by considering the net flux between
water and sediment/soils and denitrification.

Under Increased River Input conditions, annual net water fluxes at the southern Basin
boundary from 2009, 2010, and 2011 were −670, −634, and −673 m3 s−1, respectively and
their directions were from the Basin to the northern Gulf of Mexico (Figure 6b). Net TN and
TP fluxes through the southern Basin boundary showed consistent exports of TN and TP to
the northern Gulf of Mexico. The exported TN and TP mainly consisted of TON and TOP.
However, annual net PO4 fluxes showed a change in the direction and magnitude of net
fluxes, while the net DIN fluxes showed a consistent export to the northern Gulf of Mexico.

4. Discussion

A water quality model was constructed to evaluate the impact of increased river
input on TN and TP budgets in the Barataria Basin compared to the Current River Input
conditions. The quantification of TN and TP budgets allowed assessment of the relative
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importance of biogeochemical processes as well as physical transport under different river
water input conditions to help address four main objectives.

4.1. TN and TP Budgets with Current River Input

One of the main flows of nitrogen and phosphorus in the Barataria Basin was identified
as uptake by phytoplankton and wetland vegetation followed by settling of their organic
materials. In the sediment/soils, labile organic matter that was deposited from the water
column was decomposed and mineralized to inorganic forms. This implies that organic
nitrogen is the primary factor influencing the nitrogen cycle in the Basin. Long-term
field measurements in the Barataria Basin showed that DON is the dominant nitrogen
form and that rapid nitrogen recycling through primary production and phytoplankton
decomposition supports stable phytoplankton biomass (as Chl-a concentrations) in the
Barataria Bay [31].

The inorganic nitrogen in the sediment/soils was assimilated into wetland vegetation
as well as removed from the sediment/soil through denitrification processes in low-oxygen
sediment/soils. Field measurements for areal nitrate reduction rates at marsh, fringe, and
estuary zones were conducted in the northeastern portion of Barataria Basin [56]. The mea-
sured nitrate reduction rates for marsh, fringe, and estuary zones were about 29.29, 18.83,
and 10.83 mg N m−2 day−1, respectively. The modeled annual mean denitrification rate of
this study was 17.3 mg N m−2 day−1 and was within the range of field observations [56].

The main nitrogen inputs to the Basin included riverine water inflows. Those in-
puts were assimilated (removed from the water column) by phytoplankton, thus only
organic nitrogen was exported to the northern Gulf of Mexico. The calculated current
condition annual mean net flux of TN (−0.5 × 109 g N year−1) was less than the estimate
(−2.3 × 109 g N year−1) provided by Das et al. [28]. However, it was suggested that the net
TN fluxes were not statistically significant from zero because of small gradients of TN con-
centrations between the southern Basin and the northern Gulf of Mexico even though the
net fluxes were from the Basin to the northern Gulf of Mexico [28]. The 7.3 × 109 g N year−1

net flux of DIN into the Basin was similar to values (about 7.0 × 109 g N year−1 for NO3)
estimated by Das et al. [27,28].

4.2. Interannual Water, TN, and TP Fluxes with Current River Input

The interannual variability of net water volume, TN, and TP fluxes at the southern
Basin boundary were calculated from 2009 through 2011 (Table 4 and Figure 6a). The mean
Mississippi River discharges at Belle Chase (USGS 07374525) for 2009, 2010, and 2011 were
18,305, 16,176, and 16,810 m3 s−1, respectively. Considering a positive relationship between
the Mississippi River and Grand Pass and West Bay [47] (Figure 1), the net water fluxes at
the southern Basin were mainly related to freshwater inflows into the Basin rather than the
Mississippi River discharges because these net water fluxes were similar to the freshwater
inflows within the Basin (Figure 6a). It seemed that the net water flows’ magnitude and
direction were determined by the interaction between freshwater inflows within the Basin
and the Mississippi River. When freshwater inflows inside the Basin increased (e.g., from
precipitation), net water flows were enhanced from the Basin to the northern Gulf of
Mexico.

4.3. Impact of Increased River Input on TN and TP Budgets

Even though the TN and TP load increased from the Mississippi River, the changes in
TN and TP stock in the Basin were relatively small. This small change in TN and TP stocks
in the Basin might be related to several factors. Firstly, while increased river input greatly
increased the total load of imported TN and TP (by three to four times), it also greatly
reduced the residence time of the Barataria Basin from ~170 to ~40 days (Table 4). As a
result, almost 75% of the increased nutrient loads were exported directly to the northern
Gulf of Mexico, similar to other studies showing an inverse relationship between the
export rate of nutrients and freshwater residence time [11,57]. Secondly, the increased river
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inflows and reduced residence time influenced the phytoplankton residence inside the
Basin, reducing their primary production potential despite high nutrient availability [58].
Primary production of phytoplankton was additionally limited by the high sediment
(TSS) concentrations in the river water, limiting light availability [59]. The relatively low
temperature of the river water also influences phytoplankton growth and composition in
the Basin [9]. Short residence time in addition to turbid and colder water has the potential to
limit the uptake of TN and TP in the estuary under conditions of increased river inputs [9].

There were no significant changes in TN and TP fluxes through wetland vegetation
in any of the three simulated years, 2009 through 2011. The small changes in TN and TP
fluxes might be related to no simulated change in wetland vegetation types and area. Thus,
in the future with more time of increased input of freshwater, nutrients, and sediment that
leads to delta building, the nutrient fluxes within the wetlands near the outfall channel
could change.

4.4. Comparing to Other Ecosystems

The annual TN and TP loading rates into the Barataria Basin were compared with
other coastal, estuarine, and lagoon ecosystems (Figure 7). With Current River Input,
TN and TP loading rates (7.4 g N m−2 year−1 and 0.5 g P m−2 year−1) were similar to
Buttermilk Bay, MA, and Albemarle Sound, NC, USA. However, with the Increased River
Input (24.1 g N m−2 year−1 and 1.5 g P m−2 year−1) the Barataria Basin becomes more
similar to the Potomac River, Chesapeake Bay, USA. Regardless of the amount of river
input to the Basin, TN:TP ratios remained well above the Redfield ratio of phytoplankton.
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Figure 7. Comparison of annual total nitrogen (TN) and total phosphorus (TP) loading rates between
the Barataria Basin and other coastal, estuarine, and lagoon ecosystems including the Current River
Input and Increased River Input. The solid line represents the Redfield ratio of TN:TP inputs (in
mass). 1 Sinepuxent Bay MD [60], 2 Kaneohe Bay HI [61], 3 Isle of Wight Bay MD [60], 4 Baltic Sea [11],
5 Chincoteague Bay MD [60], 6 Kaneohe Bay HI [61], 7 Narragansett Bay RI, prehistoric [20], 8 Gulf
of Riga [62], 9 Albemarle Sound NC [63], 10 Himmerfjarden Estuary Sweden [64], 11 Guadalupe Bay
TX [11], 12 Buttermilk Bay MA [65], 13 Moreton Bay Australia [66], 14 Seto Inland Sea Japan [63],
15 Newport Bay MD [60], 16 N. The Adriatic Sea [67], 17 Mobile Bay AL [68], 18 Chesapeake Bay
MD [19], 19 Delaware Bay DE [11], 20 Narragansett Bay RI, current [69], 21 N. San Francisco Bay
CA [70], 22 Potomac River Estuary MD [19], 23 St Martins River MD [60], 24 Apalachicola Bay FL [71],
25 Patapsco River Estuary MD [72], 26 Tokyo Bay Japan [63], 27 Back River MD [73], 28 Boston
Harbor [11], 29 Western Scheldt Netherlands [11].
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Percent (%) net exports of nitrogen and the freshwater residence time for the Current
and Increased River Input conditions were compared with other ecosystems (Figure 8).
With the Current River Input, the % TN exported (6% = 0.5 of 8.8 × 109 g N year−1) was
much lower than other systems with similar residence times (e.g., Potomac River and
Delaware Bay). This pattern was also observed in other systems in the Mississippi River
Delta (red and blue dots in Figure 8). The lower % TN exported under the Current River
Input is due to the high internal removal of nitrogen in the Basin, such as settling of organic
nitrogen, uptake of inorganic nitrogen by phytoplankton and wetland vegetation, and
denitrification (as shown in Figure 4a). These processes are more active in the Basin due to
the shallow water depth and extensive intertidal wetlands, which remove more nitrogen
from the system [74]. However, for the Increased River Input condition, the % TN exported
(58% = 20.9 of 35.9 × 109 g N year−1) increased as residence time decreased, making the
Basin more similar to Narragansett Bay, USA, in terms of nitrogen retention. This suggests
that increased river inputs enhance the advection transport of TN to the northern Gulf of
Mexico, limiting internal nitrogen removal processes within the Basin.
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5. Conclusions

To understand nitrogen and phosphorus dynamics in the Barataria Basin where large-
scale diversions of Mississippi River water are planned, nitrogen and phosphorus budgets
were evaluated using a water quality model. The model results showed that organic
matter production is driven by phytoplankton and wetland vegetation and their primary
production is controlled by the nitrogen and phosphorus cycles in the Basin. The TN and TP
fluxes at the southern Barataria Basin were determined by interactions between freshwater
inflows into the Basin and the Mississippi River discharge. Numerical model simulations of
Current River Input and Increased River Input indicated that about 70–75% of the increased
nutrient inflows will be exported to the northern Gulf of Mexico. This is an increase from
the 6% of TN and 33% of TP with current residence times within the Basin. The Basin with
current river water input has a low % TN exported, compared to other estuaries globally.
With increased river water input from the planned sediment diversion, the Barataria Basin
could transition to an estuary with a high % of TN exported, comparable to other estuaries
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globally with similar residence time. Even though 75% of the additional TN load (−20.4 of
27.1 × 109 g N year−1) and 70% of the additional TP load (−1.4 of 2.0 × 109 g P year−1)
would flow to the northern Gulf of Mexico, phytoplankton and wetland vegetation could
assimilate 25% of the additional nitrogen (6.7 × 109 g N year−1) and 30% of the additional
phosphorus (0.6 × 109 g P year−1), reducing the nutrient loading to the Gulf of Mexico each
year. These model results can help better understand how proposed sediment diversions
on the lower Mississippi River may influence the future ecological conditions of Louisiana
coastal estuaries and the near shore northern Gulf of Mexico.
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Appendix A

This appendix provides additional information on simulated water quality variables
and model calibration coefficient values.

Table A1. The list of phytoplankton and marsh vegetation taxa and water quality constituents
simulated in the water quality model (D-WAQ). * 1–4 indicates characteristics of organic matter
simulated in the model; 1 means highly labile, and 4 means highly refractory.

Type Constituents

Phytoplankton
Freshwater diatoms (FDIATOMS), Freshwater flagellates (FFLGELA), Green algae

(GREENS), Microcystis spp. (MICROSYSTIS), Anabaena spp. (ANABAENA), Marine
diatoms (MDIATOM), Marine flagellates (MFLAGELA), dinoflagellates (DINOFLAG)

Emergent vegetation

Typha spp. (TYDO), Phragmites spp. (PHAU7),
Spartina alterniflora (SPAL), Spartina patens (SPPA), Sagittaria lancifolia (SALA), Sagittaria

latifolia (SALA2),
Zizaniopsis miliacea (ZIMI)

Particulate organic matter Carbon POC1-4 *, and Dissolved Organic Carbon (DOC); Nitrogen PON1-4 *, and DON;
Phosphorus POP1-4 *, DOP; Sulfur POS1-4 *, DOS

Ammonium, nitrate NH4, NO3

Dissolved phosphate, adsorbed
phosphate, vivianite-P,

apatite-P
PO4, AAP, VIVP, APATP

Dissolved silicate,
opal silicate

Si, OPAL
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Table A1. Cont.

Type Constituents

Dissolved oxygen OXY

Sulfate, dissolved sulfide,
particulate sulfide SO4, SUD, SUP

Inorganic sediment types IM1-3

Salinity Salinity

Table A2. Model calibration coefficients for phytoplankton dynamics.

Coefficients F.
Diatoms

F.
Flagellates Greens Micro-cystis Anabaena M.

Diatoms
M.

Flagellates
Dino-

Flagellates

Pmax at 0 ◦C
Orig. 0.45 0.35 0.07 0.047 0.19 0.07 0.09 0.13
Rev. 0.09 0.02 0.14 0.06 0.05 0.06 0.10 0.09

Pmax temp.
funct.

Orig. Exp. Linear Linear Linear Exp. Linear Linear Linear
Rev. Linear Linear Linear Linear Linear Linear Linear Linear

Pmax temp.
coeff.

Orig. 1.06 0.0 3.0 5.0 1.09 −4.5 −1 4.8
Rev. 10.0 −8.0 15.0 10.0 10.0 −10.0 10.0 5.5

Resp at 0 ◦C Orig. 0.031 0.031 0.012 0.012 0.06 0.06 0.06 0.06
Rev. 0.038 0.04 0.034 0.030 0.042 0.038 0.038 0.04

Resp temp. coeff. Orig. 1.072 1.072 1.072 1.072 1.072 1.066 1.066 1.066
Rev. 1.060 1.070 1.070 1.070 1.080 1.090 1.070 1.066

Mort at 0 ◦C/35
ppt

Orig. 0.42 0.42 0.42 0.54 0.54 0.07 0.07 0.075
Rev. 0.20 0.20 0.20 0.30 0.20 0.04 0.04 0.04

Mort at 0 ppt Orig. 0.035 0.035 0.035 0.08 0.08 0.42 0.42 0.42
Rev. 0.055 0.080 0.045 0.06 0.06 0.40 0.40 0.40

Mort temp. coeff. Orig. 1.080 1.080 1.080 1.080 1.080 1.072 1.072 1.072
Rev. 1.080 1.070 1.080 1.080 1.075 1.080 1.080 1.080

Mort stress shape
B1

Orig. 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.003
Rev. 0.0008 0.0008 0.0006 0.0006 0.0006 0.001 0.0015 0.0015

Mort stress shape
B2

Orig. 8000 8000 11,500 6000 6000 6000 6000 6000
Rev. 7000 8000 10,000 10,000 11,000 4000 5000 6000

Table A3. Model calibration coefficients for organic matter decomposition and settling velocity.

Process Coefficients

Water Column

Original Revised

Vegetated Un-Vegetated Vegetated Un-Vegetated

Organic matter
b_poc2doc Fraction POC2

converted to DOC (-) 0.10 0.10 0.05 0.05

b_poc3doc Fraction POC3
converted to DOC (-) 0.10 0.10 0.03 0.03

Settling,
other than
phytoplankton

V0SedPOC Settling velocity for
POC 1 to 4 (m/day) 1.0 0.5 1.0 0.15

V0SedIM1 Settling velocity for silt
(m/day) 0.15 0.025 0.3 0.15

V0SedIM2 Settling velocity for
clay (m/day) 0.05 0.005 0.1 0.05

V0SedIM3 Settling velocity for
sand (m/day) 3.0 3.0 2.0 1.0
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Appendix B

This appendix provides additional comparisons between modeled and measured
water level and water quality variables (i.e., temperature, salinity, chlorophyll a (Chl-a),
Total Nitrogen (TN), Dissolved Inorganic Nitrogen (DIN = Ammonium (NH4) + Nitrate
(NO3)), Total Phosphorus (TP), Phosphate (PO4), and Silicate (Si)).

Figure A1 shows the water elevation comparison between model and observed data
at four USGS stations from 2009 to 2011 [48]. Overall, the model showed a good agreement
with the observed data.

Figures A2–A4 show comparison of water quality variables between model and observed
data at three water quality stations representing southern, middle, and northern areas of the
Basin from 2009 to 2011. Mean statistical values for all stations are shown in Table A4.

Overall, the model results showed acceptable performance with observed data for
salinity, temperature, TN, DIN, PO4, and Si. However, relatively low correlation coeffi-
cients (i.e., <0.01) values were obtained for Chl-a and TP. These results suggest that the
model was unable to capture appropriately interannual variances of these variables, even
though the mean modeled values were consistent with the mean observed values in the
Basin (Table A4). The low correlations for Chl-a and TP may be attributed to a lack of
understanding of nutrient and phytoplankton dynamics in the Basin.

The model used linearly interpolated boundary conditions based on monthly water
quality time series data. However, monthly data cannot capture events occurring between
measurements, which may lead to an underestimation or overestimation of nutrient loading
into the Basin. This in turn can affect nutrient availability for phytoplankton primary
production. The model requires additional data related to phytoplankton dynamics such as
growth and mortality rates for each phytoplankton species or group dominant in the Basin.
Unfortunately, there is not enough data available to adequately reflect the characteristics of
phytoplankton in subtropical estuaries like the Barataria estuary. Regarding TP, the model
consistently showed high TP concentrations compared to observed data despite adequate
performance for PO4. This was due to high TOP, including POP and DOP. Understanding
the sources of these high TOP and the ratio of POP to DOP is critical for improving the
model performance.
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TP, the model consistently showed high TP concentrations compared to observed data 
despite adequate performance for PO4. This was due to high TOP, including POP and 
DOP. Understanding the sources of these high TOP and the ratio of POP to DOP is critical 
for improving the model performance. 
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Figure A1. Comparison of water elevation between model and observed data at four stations
from 2009 to 2011. WL-1 = USGS 292800090060000 Little Lake near Bay Dosgris E of Galliano, LA;
WL-2 = 292859090004000 Barataria Waterway S of Lafitte, LA; WL-3 = USGS 073802512 Hackberry
Bay NW of Grand Isle, LA; WL-4 = USGS 291929089562600 Barataria Bay near Grand Terre Island,
LA. See Figure 1 for station locations.
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