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Deltaic and coastal ecosystems are changing in response to natural and anthropogenic forces that require ecosystem-level restoration eﬀorts to avoid habitat degradation or loss. Models that link ecosystem components of
hydrodynamics, morphodynamics, nutrient and vegetation dynamics to represent essential processes and
feedbacks are advancing the ﬁeld of environmental modeling and are vital to inform coastal restoration decisions. An Integrated Biophysical Model was developed by creating a new vegetation dynamics component and
linking it to other primary ecosystem components that included essential feedbacks. The model performance was
evaluated by applying it to a deltaic ecosystem that included marshes and estuaries. The Integrated Biophysical
Model output captured the general temporal and spatial environmental trends of key variables. This integrated
model is capable to perform long-term simulations to assess responses of deltaic and coastal systems to global
change scenarios and can be used to inform restoration strategies in ecosystems worldwide.

1. Introduction

projects (Aronson and Alexander, 2013; Calmon et al., 2011; Lü et al.,
2012). Decision support tools, such as science-based numerical models,
are helpful and needed for managers and planners (Savchuk et al.,
2012). Numerical models can be used to quickly project possible outcomes arising from alternative restoration projects and allow for a
science-based assessment of whether or not projects are likely to meet
their intended goals (Boesch, 2006; Reis et al., 2015; van Maren and
Cronin, 2016).
A comprehensive model of ecosystem dynamics is needed that extends the state-of-the-art in two strategic ways. The ﬁrst advancement
that is needed is development of a model that incorporates the components of hydrodynamics, morphodynamics, nutrient dynamics and
vegetation dynamics. Previous models focused on a subset of these
major components of a coastal ecosystem. Some studies focused on the
interaction between the ﬂow ﬁeld and the morphologic processes (e.g.,
Edmonds and Slingerland, 2010; Yuill et al., 2016); while others focused on the interaction between hydrodynamics and vegetation dynamics (e.g., Collins et al., 2004; D'Alpaos et al., 2006), or

Deltaic and coastal ecosystems worldwide are rapidly changing
(Bianchi and Allison, 2009) because of natural and anthropogenic activities that produce stressors, such as increased nutrient runoﬀ and
eutrophication (Rabalais et al., 2009; Scheﬀer et al., 2001), rising relative sea levels due to eustatic change and subsidence processes
(Douglas, 1991; Syvitski et al., 2009), as well as anthropogenic alterations to riverine sediment loads (Syvitski et al., 2005; Walling and
Fang, 2003). Ecosystem response to these stressors include loss of
species diversity (Hooper et al., 2012), an increase in harmful algal
blooms (Anderson et al., 2002), estuarine and coastal bottom-water
hypoxia (Diaz and Rosenberg, 2008; Turner and Rabalais, 1991), and
geomorphological changes, such as wetland loss (Nicholls, 2004; Tweel
and Turner, 2012). Ecosystem responses may also alter ecosystem services to humans (Barbier et al., 2011). Changes in ecosystems and its
services command the attention of resource managers at agencies that
need to make urgent decisions about initiating large-scale restoration
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an increase in belowground biomass could additionally lead to an increase in bed levels. Components were integrated together to represent
interactions and feedbacks for evaluating the performance of the Integrated Biophysical Model (Fig. 1). For example, the hydrodynamics
and nutrient dynamics components were coupled for model assessment
of nutrient dynamics. Morphodynamics component was assessed with
the linked hydrodynamics component. The hydrodynamics, nutrient
dynamics and vegetation dynamics components were all linked to calibrate and validate the wetland vegetation processes.
The Integrated Biophysical Model is composed of several Delft3D
models that represent the main components. The hydrodynamics (DFLOW) and morphodynamics (D-FLOW-SED-ONLINE) are computed
with the Delft3D ﬂow package, a widely used and well-validated opensource sediment transport model (Lesser et al., 2004). Nutrient dynamics, including nutrients and phytoplankton biomass were handled
by D-WAQ of Delft3D. The existing vegetation biomass model
(VEGMOD) within D-WAQ was modiﬁed extensively (see Table 1) to
quantify wetland vegetation biomass changes and was coupled with
two new vegetation models. One of the new models simulated changes
in the taxa distribution of wetland vegetation (LAVegMod.DM) and the
other captured the allocation of the above- and belowground biomass
(LAVegMod.RootShoot). Finally, this Integrated Biophysical Model was
developed and ran by an interdisciplinary team of scientists and engineers from various disciplines (ecology, geology, and hydrology).
The smaller grey boxes within the hydrodynamics, morphodynamics, nutrient and vegetation dynamics represent the essential variables (Fig. 1). Nutrient dynamics and vegetation biomass diagram was
modiﬁed from Smits (2013). Dotted lines indicate that the coupling
between components was newly developed, see Table 1.

hydrodynamics and nutrient dynamics (e.g., Das et al., 2011; Smits and
van Beek, 2013; Wang et al., 2016). Many of these linked models represent two or three of the major components of the coastal ecosystem
where only one vegetation species is represented (Alizad et al., 2016) or
do not consider nutrient dynamics with morphodynamics and vegetation dynamics (Fagherazzi et al., 2012; Reyes et al., 2000). There are
few to no current ecosystem models that couple all four components to
represent dynamic biophysical interactions over time. The second advancement needed is to include feedbacks among the four main components representing a coastal ecosystem. The typical approach when
modeling both physical and ecological processes is for information to
ﬂow in one direction, from the physical models to the ecological
models. This is based on the assumption that ecological processes do
not signiﬁcantly inﬂuence the dynamics of physical systems. However,
plants can alter physical processes in a number of ways. For example,
ecological state variables, such as submerged or emergent vegetation,
can aﬀect hydrodynamics by inﬂuencing drag and circulation (Ganju
et al., 2015), and in turn, hydrodynamics can inﬂuence vegetation by
producing ﬂooding and salinity regimes that may alter plant community composition. To incorporate these feedbacks, we designed a model
to allow transfer of information from one model to inﬂuence the dynamics of the others. These feedbacks and components in a model are
needed to better represent coastal ecosystems because the landscape is
rapidly changing and coastal managers are being asked to make urgent
decisions on protecting and restoring the coastlines.
The main objective for this study was to develop a validated,
Integrated Biophysical Model that includes dynamic coupling and
feedbacks to capture: (1) morphological evolution resulting from sediment deposition into wetland areas, (2) salinity and nutrient-related
eﬀects on wetland vegetation, soils, and the estuarine open water
conditions, and (3) allow changes in nutrient and vegetation dynamics
to aﬀect hydrological and morphological dynamics. An integrated stateof-the-art modeling framework (Delft3D) was improved and applied to
Mississippi River Deltaic Plain to represent the essential components of
the ecosystem, including the hydrodynamics, morphodynamics, nutrient dynamics, and vegetation dynamics. The hydrodynamics and
morphodynamics components were existing Delft3D models that were
parameterized to represent local conditions. The nutrient dynamics
were based on the Delft3D D-WAQ model with modiﬁed algorithms that
better reﬂected the ecology of coastal Louisiana. The vegetation dynamics component was a combination of an existing Delft3D model and
newly developed algorithms. The existing models are brieﬂy described
here since they are extensively covered in literature (Lesser et al., 2004;
Smits, 2013; Smits and van Beek, 2013), while the newly developed
vegetation dynamic component is described in detail (see also Supplementary Materials, including Fig. SM1

2.2. General model set up
The model domain (80,800 km2) and components were developed
and applied to represent the lower Mississippi River and its estuarine
receiving basins, all of which are located south of the City of New
Orleans, LA, USA. The receiving basins, Barataria and Breton basins as
well as the Mississippi River Delta are mainly composed of fresh to
saline herbaceous wetlands with interspersed canals and estuarine
shallow lakes and bays that drain into the northern Gulf of Mexico
(GOM): see Fig. 2. Some of these estuarine open water areas are already
eutrophic from nutrient sources that include local agricultural runoﬀ,
Mississippi River discharge and small, sediment-poor freshwater diversions (Caﬀrey and Day, 1986; Lane et al., 2007; Lundberg et al.,
2014; Ren et al., 2009). The receiving basins are experiencing rapid and
extensive wetland loss (Couvillion et al., 2011) that requires large-scale
restoration eﬀorts. Sustaining and creating new wetlands via placement
of dredged material or proposed sediment diversions on the lower
Mississippi River are proposed as large-scale restoration projects in
Louisiana's Comprehensive Master Plan for a Sustainable Coast (Coastal
Protection and Restoration Authority [CPRA], 2012).
To represent such a large spatial domain at tractable computational
costs, the model landscape was subdivided into 14 domains using a
domain decomposition technique, providing a ﬂexible technique for
local grid reﬁnement. Complex ﬂow ﬁelds (e.g., rapid changes to velocities) and signiﬁcant morphological changes are expected to occur
near the outfalls of the proposed sediment diversions, and therefore the
resolution is highest here (100 × 100 m grid cells). The grid resolution
was gradually reduced with increasing distance from these outfall
areas. The total number of grid cells in the model is 334,685 and the
largest grid cell size is 4 × 4 km. The model routines were developed in
Fortran 90, Python, and C++, and individual model components were
coupled by external MATLAB scripts (see Table 2).
Data sets from multiple sources were used to generate the bathymetry and topography for the hydrodynamic and morphological components. These included the 2012 Mississippi River channel multibeam
bathymetry provided by the U.S. Army Corps of Engineers (USACE),

2. Development of Integrated Biophysical Model
2.1. Model component overview
Four main components represent the key receiving estuarine basin
processes: hydrodynamics, morphodynamics, vegetation dynamics, and
nutrient dynamics (Fig. 1). The hydrodynamics component simulated
the water, salinity, and temperature ﬁelds driven by tides, river ﬂows,
and time- and space-varying wind. The morphodynamics component
accounted for changes in riverine reaches, receiving basin elevation,
and suspended sediment transport, including the deltaic growth and
decay. Both the hydrodynamics and morphodynamics components inﬂuenced the nutrient dynamics component, which included the fate and
transport of nutrients to open water, sediment/soil layers, and vegetated areas (submerged and emergent) of the receiving basin. The
emergent vegetation component simulated the taxa distribution of the
herbaceous marsh vegetation, nutrient uptake, and growth responses
via allocation of above- and belowground biomass. The vegetation
component inﬂuences the morphodynamics by trapping sediment while
403
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Fig. 1. Conceptual overview of the Integrated Biophysical Model that includes the feedbacks between components.
Table 1
Description of the development or modiﬁcation of model components that make up the Integrated Biophysical Model that is run in the Delft3D environment.
NA = not applicable.
Model Component

Model Name

Newly Developed? Y/N

Extensively Modiﬁed? Y/N

Reference

Hydrodynamics
Nutrient Dynamics
Vegetation Dynamics

D-FLOW-SED-ONLINE
D-WAQ
LAVegMod.DM

N
N
N

N
N
Y

Lesser et al., 2004
Smits 2013, Smits and van Beek, 2013
Visser et al., 2013

LAVegMod.RootShoot
VEGMOD

Y
N

NA
Y

This study
Smits 2013

D-FLOW-SED-ONLINE

N

N

Lesser et al., 2004

Morphodynamics

2.3. Feedbacks among coupled models
The feedback and dynamic coupling of the various modeling component is one of the key objectives of this eﬀort to represent essential
ecosystem processes that inﬂuence the landscape. The frequency of
information passed among the coupled models depends on the nature of
the ecosystem process (Table 2). For example, nutrient dynamics are
simulated at a 10-min time step to reﬂect the time sensitivity of the
biogeochemistry of the water and sediment/soils. On the other end of
the spectrum, the spatial distribution of marsh vegetation is simulated
at a one-year time step to reﬂect vegetation succession.
A sequence of events was developed to allow for information to be
passed among the models in order to develop the Integrated Biophysical
Model (see Supplementary Materials, Table SM2) - that had two main
types of grid resolutions, the ﬁner grid of the hydrodynamics model
(HD grid) and the coarse grid of the nutrient dynamics model (ND grid).
In the ﬁrst step, the hydrodynamics and morphodynamics models calculated the parameters such as water elevation, velocity, salinity,
temperature, sediment load and bed level changes (DEM change resulting from minerals contributions only). For Step 2, the water elevation and salinity information on the HD grid are passed to the vegetation species distribution model (LAVegMod.DM) that produces the
vegetation spatial distribution for each vegetation taxa on the HD grid.
The third step involves passing essential information to the nutrient
dynamics model, which include all hydrodynamic information, including salinity and temperature and vegetation coverage on the HD
grid that are then aggregated into the ND grid. The aggregated information is passed to nutrient dynamics model (D-WAQ) and vegetation dynamics model (VEGMOD) to simulate nutrient and vegetation
biomass dynamics. Speciﬁcally, the vegetation dynamics model
(VEGMOD) calculates the live and dead vegetation biomass with particulate organic matter (POM) in the soil layers. The next steps involve
post-processing the information. In Step 4, the vegetation footprint

Fig. 2. Model domain composed of 14 subdomains that cover the Baratataria
and Breton Sound basins in the Mississippi River Deltaic Plain.

2012 LIDAR data of the Breton and Barataria basins provided by the
U.S. Geological Survey (USGS), 2014 bathymetry data collected by the
Water Institute of the Gulf for waterways within the Barataria and
Breton receiving basins, and ADCIRC SL15v9 bathymetry data for the
deeper GOM (e.g., shelf and slope) area. All bathymetry data were
converted to the NAVD88 vertical datum expressed in meters (m)/geoid
12A. These 14 domains and underlying bathymetry were used by the
hydrodynamic model to generate input for the nutrient dynamics, vegetation dynamics, and morphodynamics components of the model.
404

Environmental Modelling and Software 109 (2018) 402–419

M.M. Baustian et al.

Table 2
Time steps for each model, the frequency of information that was passed to the next model, and if the coupling between models was new in the development of the
Integrated Biophysical Model.
Model

Model Time Step

D-FLOW-SED-ONLINE
D-FLOW-SED-ONLINE
LAVegMod.DM
LAVegMod.DM
LAVegMod.DM
D-WAQ
D-WAQ
LAVegMod.RootShoot
VEGMOD

0.5 min
1 min
1 year
1 year
1 year
10 min
10 min
10 min
10 min

→
→
→
→
→
→
→
→
→

Provides Info to this Model

Frequency of Providing Information

Coupling New? Y/N

D-WAQ
LAVegMod.DM
D-WAQ
D-FLOW-SED-ONLINE
VEGMOD
LAVegMod.RootShoot
VEGMOD
VEGMOD
D-FLOW-SED-ONLINE

10 min
1 year
1 year
1 year
1 year
10 min
10 min
10 min
1 year

N
N
Y
Y
Y
Y
N
Y
Y

(e.g., wetland area) is adjusted by considering grid cells that only have
live vegetation biomass that also inﬂuences the POM accumulation
distribution caused by vegetation mortality.

2.4. Hydrodynamics component
The hydrodynamics component simulates the hydrodynamics on a
curvilinear grid by solving unsteady shallow water equations in two
dimensions (2D) or three dimensions (3D) (Lesser et al., 2004). The
greatest emphasis in the Integrated Biophysical Model is on the relatively shallow (0–2 m) and vertically mixed water bodies and therefore
the model is run in 2D depth-averaged mode (which means all variables
are averaged over the water column). No storms, including pressure
and waves were included in the model.
The hydrodynamics in the GOM were forced by 13 tidal constituents
derived from Topex-Poseidon ocean surface elevation data (Egbert
et al., 1994). Mississippi River inﬂow discharge was derived from the
USGS gauge at Baton Rouge (USGS 07374000). The model also accounted for natural distributaries, smaller freshwater diversions (e.g.,
Bonnet Carré spillway, Caernarvon, and Davis Pond), in the lower
Mississippi River, and for other rivers entering the modeled area (e.g.,
Amite, Tickfaw, Natalbany, Tangipahoa, Tchefuncte, Pearl, Pascagoula,
and Mobile). Daily average water discharges were speciﬁed for these
sources using data from the USGS gauging stations. Salinity time series
boundary conditions were obtained from the National Oceanographic
Data Center (NODC) Ocean Archive System (http://www.nodc.noaa.
gov/cgi-bin/OC5/GOMclimatology/gomregcl.pl), and were enforced at
the open boundaries of the GOM. A spatially and time-varying wind
ﬁeld (obtained from the National Oceanic and Atmospheric Administration (NOAA)-National Climatic Data Center (NCDC) data portal) was
speciﬁed on a 5 × 5 km horizontal resolution. Water temperature was
computed with the heat ﬂux model (Ocean) in Delft3D-FLOW with a
meteorological model driven by relative humidity, air temperature, and
cloud coverage (NOAA portal) with a water temperature constant
(25 °C) open water boundary condition. A spatially varying excess
rainfall map was based on daily precipitation data (NOAA-based STAGE
III River Forecast Center Operational NEXRAD database) and monthly
average evaporation data (International Water Management Institute's
World Water and Climate Data Atlas (IWMI, 2014).
A base roughness value was set up for the entire model domain
(open water and marsh areas). The eﬀect of vegetation-induced friction
in the marsh was parameterized with an additional bed roughness term
(added to the base roughness) (Baptist et al., 2007). This trachytope
approach uses information on vegetation density (stem diameter x
number of stems/area) and the fractional area (Fa) of a cell covered
with vegetation (see Fig. 3). Vegetation distribution and fractional area
per grid cell were provided by the species distribution model (LAVegMod.DM), resulting in a dynamic interaction between hydrodynamics and vegetation dynamics.

Fig. 3. Initial vegetation coverage map used in the model, based on the 2010
LULC dataset (Coastal Protection and Restoration Authority of Louisiana,
2012).

2.5. Morphodynamics component
The erosion and transport of ﬁne sediment (silt, clay) is computed
with the Partheniades erosion formulation (Ariathurai and
Arulanandan, 1978) and the advection-diﬀusion equation (Lesser et al.,
2004). These silt and clay fractions are easily erodible, with the clay
fraction having a lower settling velocity and critical shear stress than
the silt. Transport of sand as suspended load and bed load is computed
with the van Rijn formulations (van Rijn, 2007a, 2007b).
A stratigraphy model was used to parameterize the subsoil of the
morphodynamics component. Soil cores reveal that the surﬁcial sediment layer (thickness of ∼1 m below NAVD88) was mostly organic
marsh soil (Meselhe et al., 2015), with a critical shear stress for erosion
of 1.5 Pa (no data available – based on expert judgment). At substrate
depths greater than ∼1 m below NAVD88 in both Breton and Barataria
receiving basins, coring data showed that sediment can be characterized as a consolidated clay. The material was assigned a critical erosion
shear stress of 4 Pa to reﬂect this. Most of the open water in the receiving basins has a bed level of 1–1.5 m below NAVD88 and is
therefore assigned the critical erosion shear stress of consolidated clay,
assuming that the marsh layer had never formed there or had been
removed by wave erosion during conversion from marsh to open water.
This attribution was corroborated by selective coring in both basins of
submerged areas. Sand content dominated the soil layers below the
consolidated clay layer (10 m below NAVD88 and deeper; Stanley et al.
(1996)). The bed composition in the Mississippi River channel was
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Data were not available for all water quality constituents represented in
the model. Thus, conversion relationships between water quality constituents with available rating curves were deﬁned to estimate the
loading of the remainder of the water quality constituents (Meselhe
et al., 2015).

based on a calibrated and validated regional scale river model, designed
based on ﬁeld data (Allison et al., 2013).
Overall, ﬁve fractions were used in the morphodynamics component: (1) a marsh soil fraction representing the top wetland sediment
layer, (2) consolidated clay representing the second wetland sediment
layer, (3) ﬁne clay (4) silt representing the suspended sediment load in
the Mississippi River, and (5) coarse sediment (sand) representing the
substrate and suspended sediment load in the Mississippi River. The
morphological update was done at every computational time step
(0.5 min in this model application) following Lesser et al. (2004). To
reduce the simulation time, a morphological acceleration technique
was applied where the bed update is scaled with a factor MF at every
computational time step (Roelvink, 2006). The time scales associated
with the hydrodynamics are typically two orders of magnitude shorter
than with the morphodynamics resulting in MF values in the order of
1000 in relatively simple geometries, whereas lower values (∼40)
should be used in more complex geometries (Ranasinghe et al., 2010;
van der Wegen et al., 2008).

2.7. Vegetation dynamics component
The vegetation dynamics component simulates emergent vegetation
biomass production, mortality, and allocation, as well as spatial distribution. The formulations of the vegetation dynamics model are described in detail in the Supplementary Materials (including Fig. SM1).
Seven emergent marsh vegetation taxa representing fresh, intermediate, brackish, and saline marsh types were selected to represent
the wetland conditions (Table 3). The 2010 Land Use Land Cover
(LULC) dataset from the 2012 Coastal Master Plan (Coastal Protection
and Restoration Authority of Louisiana, 2012) was used to determine
the initial vegetated spatial distribution. Fig. 3 shows the percentage
vegetation coverage map for year 2010.

2.6. Nutrient dynamics component
2.7.1. Vegetation biomass
The vegetation biomass model (VEGMOD) simulates the change in
vegetation biomass and includes the eﬀects of nutrient uptake, aboveground and belowground growth, and mortality of vegetation of seven
key representative taxa (Table 3). The vegetation biomass model from
Delft3D was extended with a formulation that incorporated 1) a seasonally varying biomass that accounts for the eﬀect of nutrient availability on the total biomass, 2) the distribution of the biomass between
the aboveground and belowground compartments using the vegetation
biomass allocation model, 3) the incorporation of senescence (turnover) mortality and grazing-related mortality to the existing mortality
related to inundation, and 4) the coupling of a vegetation species distribution model with the vegetation biomass model to consider spatial
variation of vegetation coverage and taxa.
The existing vegetation biomass model calculates nutrient uptake
and the pool of available nutrients (Smits, 2013). Nutrients (N, P and S)
are taken up by vegetation from the sediment within the root zone
(30 cm). The total uptake rates are computed using carbon to nutrient
ratios (C:N, C:P, C:S) for speciﬁc taxa (Asaeda et al., 2002; Frost et al.,
2009; Gessner, 2000; Ket et al., 2011; Laursen, 2004; Negrin et al.,
2012; Osgood and Zieman, 1993; Qualls and Richardson, 2000;
Richards and Ivey, 2004). For simplicity, the C:N, C:P and C:S values do
not diﬀer between the above- and belowground biomass for each taxa.
The total uptake rates are distributed among the sediment layers within
the rooting zone proportional to the quantities of the nutrients available
in the layers.
Mortality decreases the vegetation biomass and transfers living vegetation to particulate detritus fractions. The mortality due to inundation was simulated as a ﬁrst order decay process starting after water

Biogeochemical and ecological processes relevant to the Louisiana
coast but also to other coastal and deltaic systems (e.g., light attenuation, suspended sediment transport and deposition, as well as phytoplankton growth and mortality) were captured with the nutrient dynamics component (Fig. 1). The water quality processes in the nutrient
dynamics component included various biogeochemical transformations
via nitrogen, phosphorus, and carbon pathways and included interactions between the nutrients components, organic matter components,
and the electron-acceptors in water and sediment/soil (Smits, 2013;
Smits and van Beek, 2013).
The BLOOM model simulated phytoplankton growth and mortality
(Smits, 2013). Given the wide range of salinities (0–20 ppt) in the
Barataria and Breton estuaries, both freshwater phytoplankton (e.g.,
chlorophytes, diatoms, and cyanobacteria including the potentially
toxic Microcystis spp. and Anabaena spp.) and marine phytoplankton
(e.g., dinoﬂagellates) were modeled. Phytoplankton taxa and water
quality constituents in the model are listed in Table 3.
Interactions at the sediment/soil-water interface were simulated
using a “layered sediment” approach (Smits and van Beek, 2013),
parameterizing the top 40 cm of the sediment/soil layer with seven
sediment/soil depth layers. The upper layer was very thin (1 mm) and
the bottom layer was thicker at 200 mm. The initial concentrations of
constituents in the sediment/soil layers were deﬁned using 2014 and
2015 ﬁeld data (Meselhe et al., 2015).
The water constituents’ loading was estimated based on discrete
USGS water quality data from seven local rivers including the
Mississippi River. The discrete data were used to construct rating curves
between the water quality constituent concentrations and ﬂow rates.

Table 3
The list of phytoplankton and marsh vegetation taxa and water quality constituents simulated in the nutrient dynamics model. *1–4 indicates characteristics of
organic matter simulated in the model; 1 means highly labile, and 4 means highly refractory.
Type

Model

Constituents

Nutrients

D-WAQ

Phytoplankton

BLOOM

Vegetation

VEGMOD

Particulate organic carbon (POC1-4*), Dissolved organic carbon (DOC)
Particulate organic nitrogen (PON1-4*), Dissolved organic nitrogen (DON), Ammonium (NH4), Nitrate (NO3),
Particulate organic phosphorus (POP1-4*), Dissolved organic phosphorus (DOP), Phosphate (PO4), Absorbed phosphate (AAP), (Vivianite Phosphate
(VIVP), Apatite phosphate (APATP),
Particulate organic sulfur (POS1-4*), Dissolved organic sulfur (DOS), Sulfate (SO4), Dissolved Sulﬁde (SUD), Particulate Sulﬁde (SUP)
Silicon (Si), Opal, Methane (CH4)
Dissolved oxygen (DO), Silt, Clay, Sand
Freshwater diatoms (FDIATOMS), Freshwater ﬂagellates (FFLGELA), Green algae (GREENS), Microcystis spp. (MICROSYSTIS), Anabaena spp.
(ANABAENA)
Marine diatoms (MDIATOM), Marine ﬂagellates (MFLAGELA), dinoﬂagellates (DINOFLAG)
Typha spp. (TYDO), Phragmites spp. (PHAU7), Spartina alterniﬂora (SPAL), Spartina patens (SPPA), Sagittaria lancifolia (SALA), Sagittaria latifolia
(SALA2), Zizaniopsis miliacea (ZIMI)
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Fig. 4. Sensitivity analysis of the median diameter of coarse sediment (D50) model parameter compared to the ﬁeld observations of sediment loads at Belle Chasse,
Mississippi River in year 2011.

Fig. 5. Sensitivity test results using the fraction of DOC from POC (b_poc2doc). Change in b_poc2doc coeﬃcients inﬂuences the (a) light penetration depth (Secchi
disk depth) into water column and (b) changes of phytoplankton biomass (chl-a).

consolidate soils, and their stem density can inﬂuence ﬂow velocities
and trapping of sediment. The Integrated Biophysical Model presented
here takes an evolutionary perspective for the vegetation biomass allocation model (LAVegMod.RootShoot) and assumes that allocating
biomass to below-versus aboveground growth is a response that maximizes ﬁtness over a range of nutrient concentrations (Hilbert, 1990;
Johnson et al., 1985; Reynolds & Thornley, 1982; Thornley, 1972).
When soil nitrogen is abundant, there is less demand to produce root
biomass because existing root structures can obtain adequate quantities
of nitrogen. The excess biomass is instead allocated aboveground to
increase the capacity for photosynthesis. When soil nitrogen is scarce,
there is an increased demand to allocate resources to root structures to
obtain adequate nitrogen needed to sustain growth. The vegetation
biomass allocation model was run concurrently with the other model
components. The ratio is then used within the vegetation biomass allocation model to allocate the total vegetation biomass above- and
belowground. The equations and general approach are described in
detail in the Supplementary Materials.

level has exceeded a critical depth and a critical duration (these
thresholds varied by plant taxa). In the vegetation biomass model,
detritus from the aboveground biomass is transferred to the water
layers and detritus from the belowground biomass enters the sediment/
soil layers. The detritus release rates are taxa dependent and are based
on the C:N ratios of a taxa and the fraction of biomass allocated to a
water or sediment/soil layer. This fraction was derived from vegetation
height and rooting depth.
2.7.2. Species distribution of vegetation
The Louisiana Vegetation Model (LAVegMod), developed for
Louisiana’s 2012 Coastal Master Plan, was modiﬁed to provide the
dynamics for seven taxa and integrate it with the other components of
the Delft3D system (Visser and Duke-Sylvester, 2017; Visser et al.,
2013). The establishment and mortality rates that vary with annual
mean salinity and the annual standard deviation of water depth were
estimated for each of the seven taxa (Meselhe et al., 2015) and the
equations and general approach are described in detail in the Supplementary Materials (including Fig. SM2). An example of an establishment table for Spartina alterniﬂora is shown in Table SM1.

3. Model performance assessment
Model sensitivity analysis was conducted via the perturbation and
derivatives method (Pianosi et al., 2016). Model calibration and validation eﬀort focused on the main stem of the river channel and the
receiving basins. Observations from years 2009 and 2011 were utilized
for the calibration and year 2014 for validation for most of the

2.7.3. Vegetation biomass allocation
Plant root/shoot allocation is an important ecological process to
determine how plants inﬂuence the hydrology and nitrogen cycling in
wetland areas (Brouwer, 1962; Deegan et al., 2012; McConnaughay &
Coleman, 1999). Overall, plants take up nutrients, their roots
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3.1. Sensitivity analyses
The open water diﬀusion controls the hydrodynamics in the model.
Delft3D calculates diﬀusion at the scale of the grid cell. To resolve
signiﬁcant mixing that may occur at the sub-grid spatial scale, Delft3D
employs a diﬀusion coeﬃcient parameter that adds a constant mixing
rate to that already calculated to occur at the grid cell scale.
Furthermore, for depth-averaged simulations, the diﬀusion coeﬃcient
should also incorporate the dispersion eﬀect caused by vertical ﬂow
shear. Hence, the diﬀusion coeﬃcient is one of the important parameters to adjust during the calibration phase of the hydrodynamics
component. For sensitivity tests, four diﬀusion coeﬃcient setups were
considered: (1) uniform value equal to 1 m2 s−1 in the entire domain;
(2) calibrated spatially variable diﬀusion coeﬃcient; (3) the calibrated
spatially variable distribution multiply by 10 (one order of magnitude
greater); (4) calibrated spatially variable distribution divided by 10
(one order of magnitude lower). Hydrodynamic model runs occurred
for one year (2010), for existing conditions and for existing conditions
with a riverine point source (from Mississippi River into the midBarataria Basin area). Model results indicate that the saline water
barely penetrates into Barataria Bay when the diﬀusion coeﬃcient is
low (uniform 1 or one order of magnitude lower). In contrast, too much
saline water enters Barataria Bay when the diﬀusion coeﬃcient was
high (one order of magnitude greater) (see Supplementary Materials,
Figs. SM2 and SM3). The perturbation and derivation method of sensitivity analysis was used to ﬁnally select the calibrated spatial distribution of diﬀusion coeﬃcient for the model.
Sensitivity analysis was also performed on the morphodynamic
model. The median diameter of coarse sediment (D50) values of 100,
150, 200 and 250 μm was perturbed one at a time. The impacts on the
simulations were assessed via visual inspection by comparing the time
series of total sand transport in the Mississippi River near Belle Chasse
(Fig. 4). D50 of 200 μm was selected for providing the best agreement
with the ﬁeld data.
Variation of the model output from the nutrient dynamics component was investigated to better understand how light penetration and
phytoplankton biomass (chl-a) are inﬂuenced by an uncertain model
parameter of dissolved organic carbon (DOC) that is mathematically
derived from particulate organic carbon (POC). The parameter
(b_poc2doc) was adjusted and compared to ﬁeld observations from year
2009 to investigate the model output sensitivity (Fig. 5). The value of
0.10 was selected for b_poc2doc because it closely aligned with the ﬁeld
data.

Fig. 6. Site locations for calibration and validation of the (A) hydro- and
morphodynamics models and (B) nutrient and vegetation dynamics models.
CRMS = Coastwide Reference Monitoring System, USACE = U.S. Army Corps
of Engineers, USGS = U.S. Geological Survey and NOAA = National
Oceanographic and Atmospheric Administration.

3.2. Calibration and validation

Table 4
Hydrodynamic model calibration coeﬃcients.
Calibration Parameter

Areas

Ranges

Calibrated Values

Bed Roughness
(Chezy)

Wetlands/Marshes
Wetland Channels
Shallow/Deep Water
areas
Mississippi River
Inner domain with ﬁne
grid (Wetlands)
Outer domain with
coarse grid (GOM)
Transition between Inner
and Outer domain

55–90
65–110
65–90

60
75
75

60–120
1–10

63 to110
10

50–200

150

N/A

Linear
Interpolation

Horizontal Eddy
Diﬀusivity

The ﬁeld measurement locations used to calibrate and validate the
Integrated Biophysical Model are shown in Fig. 6. Manual tuning was
preferred over automatic calibration because of the complexity of the
coupled models which resulted in time constraints and computational
demands. Our integrated model requires 24–48 h to complete a single
year run. Attempting to use an automated calibration approach with
such long run times was not possible given the time constraints placed
on model development and deployment to support management decisions. Automated calibration algorithms trade the need for deep expertise with a model and its application for a degree of computationally
expensive approach in the search for optima. Automated calibration
algorithms can also spend time exploring local optima before ﬁnding
better parameter combinations. In many instances, the computationally
expensive approach of an automated search is acceptable. However, the
long run time of our model makes that approach involved in automated
algorithms impractical. Instead, we applied our own expertise with the
model and the ecosystem to guide the calibration process towards appropriate parameter values in a more eﬃcient manner.

components. Year 2011 was a wet year in the Mississippi River Basin
with record levels of precipitation resulting in record river stage and
ﬂow conditions. Years 2009 and 2014 were more typical of average
ﬂow conditions in the Mississippi River.
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Fig. 7. Comparison between model results (ﬂow and water level) and ﬁeld measurements in the Mississippi River.
Table 5
Model performance assessment for calibration of water levels within the
Mississippi River channel.

Table 6
Observed and modeled ﬂow results (calibration) in the Mississippi River Delta
tributaries (year 2011).

Station

Average
Bias (m)

Bias % of RMSE (m) RMSE
Range
(%)

Correlation
Coeﬃcient
(r)

Upstream Flow
(m3/s)

Station

Model
Flow
(m3/s)

Rating
Curve
(m3/s)

Bias (%)

Bonnet Carré
New Orleans - Carrollton
Belle Chasse
Alliance
W Point a La Hache
Empire
Venice
Head of Passes

0.08
−0.01
0.04
−0.08
0.05
0.03
0.04
0.05

0.45
−0.03
+0.15
−0.26
+0.20
+0.09
+0.22
+0.51

0.99
0.98
0.98
0.98
0.96
0.96
0.95
0.84

31,150

Bohemia and Fort St.
Philip and Ostrica
(Overbank losses)
Baptiste Collette
Grand Pass & Tiger Pass
West Bay
Cubit's Gap
SW Pass
South Pass
Pass-A-Loutre
Bohemia and Fort St.
Philip and Ostrica
(Overbank losses)
Baptiste Collette
Grand Pass & Tiger Pass
West Bay
Cubit's Gap
SW Pass
South Pass
Pass-A-Loutre
Bohemia and Fort St.
Philip and Ostrica
(Overbank losses)
Baptiste Collette
Grand Pass & Tiger Pass
West Bay
Cubit's Gap
SW Pass
South Pass
Pass-A-Loutre

3898

4201

−7.2

3019
2572
1521
3593
8258
2771
2024
2217

2944
2876
1907
3406
10,775
2649
2079
2097

2.5
−10.6
−20.3
5.5
−23.4
4.6
−2.7
5.7

2313
1859
1420
2534
7178
2390
1733
1005

2126
2150
1389
2360
7453
1968
1649
808

8.8
−13.5
2.2
7.4
−3.7
21.4
5.1
24.4

1439
1127
1029
1624
4984
1864
1347

1454
1553
965
1500
4721
1415
998

−1.1
−27.4
6.6
8.3
5.6
31.7
34.9

0.28
0.22
0.23
0.17
0.22
0.17
0.22
0.19

1.59
0.70
0.81
0.60
0.89
0.59
1.34
1.91

21,800

3.2.1. Hydrodynamic component
The hydrodynamics component was calibrated against 40 stations
measuring salinity, water level, temperature, and velocity. The calibration parameters were adjusted by sensitivity analysis until the model
results showed reasonable agreement with the data. The bed roughness
(Chezy value) was the main parameter used in the hydrodynamic calibration-validation process, and was iteratively adjusted until the simulated and observed data achieved a reasonable agreement. The
sensitivity of horizontal eddy diﬀusivity was also tested between the
inner domains of the basins and the Gulf of Mexico. The parameters
(and their ranges) used for sensitivity test are listed in Table 4. A sample
of the model performance evaluations are shown here – further details
can be found in Meselhe et al. (2015). For the Mississippi River channel,
the model output of ﬂow and water level were compared to ﬁeld
measurements and ﬁt statistics were performed (Meselhe and Rodrigue,
2013). The model results were well correlated with the observed water
levels with correlation coeﬃcients ranging between 0.84 and 0.99
(Fig. 7, Tables 5 and 6 - see Meselhe et al., 2015 for further details) and
ﬁt statistics were performed (Meselhe and Rodrigue, 2013). In addition,
comparisons were made for the ﬂow distribution at various overbank
and tributaries of the Mississippi River Delta (Table 6 against the rating
curve data developed from previous studies (Allison et al., 2012).
Comparison of observed and modeled tidal constituents for years
2009 and 2011 were conducted with 12 NOAA stations located in the
model domain. Harmonic analysis was performed on the time series of
simulated water level to extract amplitude and phase of four tidal
constituents: principal lunar semidiurnal cycle (M2), the principal solar

14,150

semidiurnal cycle (S2), the combined lunar and solar semidiurnal cycle
(K1), and lunar diurnal constituent (O1) (https://tidesandcurrents.
noaa.gov/glossary.html#M), which are the dominating tides at these
stations (approximately 50% of total tidal amplitude). Overall, the
model predicted the tidal amplitudes and phases well with the diﬀerence between the modeled and observed in tidal amplitude ranging
between −0.3 cm and 1.4 cm and the diﬀerence in the phase ranging
between 12.3 and 1.0° (Table 7- see Meselhe et al., 2015 for further
details). The model also captured the overall trend and reproduced the
low-frequency water level ﬂuctuation resulting from storms and river
ﬂoods at most of the stations in both basins for the years of 2009 and
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Environmental Modelling and Software 109 (2018) 402–419

M.M. Baustian et al.

Table 7
Model calibration for 12 NOAA stations in the computed harmonic constituents for the years 2009 and 2011.

2009 Mean Error
2011 Mean Error

M2 amp (cm)

M2 phase (deg.)

S2 amp (cm)

S2 phase (deg.)

K1 amp (cm)

K1 phase (deg.)

O1 amp (cm)

O1 phase (deg.)

−0.3
−0.2

−1.6
−2.4

−0.2
−0.2

−11.2
−12.3

0.7
0.0

1.0
−1.2

1.4
0.3

−0.6
−1.2

Fig. 8. Comparison between the calibrated model-derived and observed water levels in Barataria Basin at Grand Isle, CRMS3617, CRMS4218, and CRMS3985, and in
Breton Basin at CRMS139, CRMS136, CRMS121 and CRMS115.

Fig. 9. Comparison between the model-derived depth averaged and the observed surface water salinity in Barataria Basin at USGS1, USGS2, CRMS3985, and in
Breton Basin at CRMS139, CRMS121, CRMS115.

observed data in year 2009, 2011, and 2014 (Meselhe et al., 2015). The
model represented well the seasonal change in water temperature in
this system (Fig. 10, Table 9).

2011 (see Meselhe et al., 2015 for further details). Fig. 8 demonstrates
an example of the model derived water level comparison against ﬁeld
observations.
The computed salinity increases from the upper basin to the lower
basin in both Barataria and Breton basins, were in agreement with
observed data for 2009, 2011, and 2014 (Meselhe et al., 2015). The
reproduction of the horizontal salinity gradients suggests that the
model captured the horizontal mixing of fresh and salt water. An example of model results comparison is shown in Fig. 9. Visual inspection
of the comparisons and assessment via performance statistics demonstrate that the modeled salinity values correspond reasonably well to
observations for most of the stations (Table 8).
Water temperature calibration and validation in the Barataria and
Breton basins were performed by comparing the model results to USGS

3.2.2. Morphodynamics component
The sediment transport and morphology model was calibrated
(2011) and validated (2014) with observational data in both riverine
and coastal environments. The governing processes for sediment dynamics within the Mississippi River channel are diﬀerent from those in
the receiving basins. For example, ﬁne sediments are easily transported
and vertically well mixed in the Mississippi River because of the highenergy and unidirectional ﬂow. Conversely, ﬁne particles are more
likely to deposit in low-energy areas of the receiving basins, especially
where vegetation exists. Calibration parameters for ﬁne sediment
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Table 8
Model performance assessment for salinity in the Barataria and Breton basins
for calibration (Year 2011, 2009) and validation (Year 2014).
Year

Station

Mean (Measured)
(ppt)

Mean Bias
(ppt)

Mean Corr.
Coef. (r)

RMSE
(ppt)

2011

USGS1
USGS2
CRMS3985
CRMS139
CRMS121
CRMS115
USGS1
USGS2
CRMS3985
CRMS139
CRMS121
CRMS115
USGS1
USGS2
CRMS3985
CRMS139
CRMS121
CRMS115

13.42
5.91
1.16
0.61
2.58
0.74
8.70
3.43
N/A
0.25
2.50
0.54
11.53
6.41
1.18
0.38
3.65
1.57

3.05
3.97
0.63
−0.19
−0.66
−0.17
0.63
0.43
N/A
−0.22
−0.92
−0.03
6.74
7.48
3.38
−0.07
0.72
1.50

0.58
0.52
0.72
0.86
0.34
0.57
0.61
0.49
N/A
0.50
0.94
0.94
0.77
0.68
0.40
0.47
0.80
0.95

5.29
5.75
0.98
0.58
2.19
0.42
3.48
2.57
N/A
0.29
1.26
0.35
7.64
8.23
3.63
0.63
2.15
2.24

2009

2014

Table 9
Statistical summary of water temperature calibration (2009 and 2011) and
validation (2014).
Time period

Location

Bias (°C)

Corr Coeﬀ (r)

RMSE (°C)

2009

USGS2
USGS4
USGS1
USGS5
USGS1
USGS2
USGS3
USGS4

0.4
−1.1
0.2
−0.8
0.1
0.3
−0.6
−1.11

0.98
0.96
0.96
0.97
0.96
0.96
0.97
0.94

1.1
1.6
1.3
1.4
1.8
1.7
1.7
2.1

2011
2014

(calibration) and 2014 (validation). Model performance was evaluated
by graphical comparison between modeled and observed data and
statistical analysis (i.e., bias, RMSE, and correlation coeﬃcient). Initial
coeﬃcient values were derived either from the literature or previous
studies, e.g., Smits and van Beek, (2013); Los (2009). The model calibration parameter values are summarized in Table 11. Fit statistics were
calculated to help assess water quality model performance (Los and
Blaas, 2010). The model results as shown in Table 12 and Fig. 13 demonstrate that many of the model parameters agree well with the observations (for further details see Meselhe et al., 2015). Certain parameters, such as Chl-a, NH4, TSS, TP, and PO4 need to be improved in
future modeling tasks. In addition, the conﬁdence in the statistical assessment (see Table 12) of the model performance proves challenging
when the sample size of observations are insuﬃcient or small.
Phytoplankton composition of the main phytoplankton groups was
compared to summer observational data (June and August, 2014) (data
not shown). Two most common groups of phytoplankton during August
were diatoms and chlorophytes and the model tended to reasonably
capture these conditions in Barataria Basin. However, the model
showed some limitation to determine the dominant phytoplankton
groups during June and August in Breton Basin. Discrepancies between
modeled and observed results may be due to the limited local understanding of critical parameters for diﬀerent phytoplankton groups, such
as growth rates, optimum temperature, mortality rates at various salinities, etc.

includes: critical shear stress (Tcr), sediment erosion rate (M) and settling velocity (Vs). Settling velocity and the critical shear stress are the
main calibration parameters adjusted in the calibration and validation
process. Table 10 presents a summary of the calibrations parameters for
ﬁne sediment with their ranges used in sensitivity tests. The computed
sediment load was compared to the River's measured load (see Fig. 11).
The computed amount of sediment deposited in an existing non-controlled sediment diversion (West Bay, see Fig. 6 for location) was
compared to observations. The computed annual sediment deposition
corresponds well with observations (Fig. 12). The discrepancy in the
distribution of deposited sediment likely results from wave resuspension which is not represented in this Integrated Biophysical Model.
3.2.3. Nutrient dynamics component
The nutrient dynamics are driven by the ﬂow ﬁeld, salinity, and
temperature computed in the hydrodynamic model. Through a direct
link with the vegetation biomass model, the nutrient dynamics component also simulates the biogeochemical processes for each constituent (see Table 3) in both the water column and the sediment/soil
layers.
The nutrient dynamics component was calibrated and validated by
tuning and compared against observations in both basins for years 2009

3.2.4. Vegetation dynamics component
The vegetation biomass model simulates plant biomass dynamics for
each of the seven taxa used in the model. Unfortunately, there was no
observed data for vegetation biomass in 2009 and 2011. Vegetation
data collected during 2014 (Meselhe et al., 2015) were used as a

Fig. 10. Comparison between the model-derived depth averaged and the observed surface water temperature in Barataria Basin at USGS1 and USGS2, and in Breton
Basin at USGS3 and USGS4.
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Table 10
Morphodynamics component calibration coeﬃcients.
Calibration Parameters

Ranges

Settling Velocity (mm/sec)
Critical Shear Stress (Pa)
Sediment Erosion Rate (kgm−2s−1)

1–0.001
0.01–5
0.0001–0.001

Calibrated Values
Silt

Clay

Marsh Soil

Consolidated Clay

0.1
0.15
0.001

0.001
0.01
0.001

0.1
1.5
0.001

0.1
4.0
0.001

Fig. 11. Computed and observed sand load (top) and clay + silt load (below) at Belle Chasse.

Fig. 12. Computed (2011, 2014) and observed (2009–2011) sediment deposition from the Mississippi River.

biomass values were converted to g C m−2. The correspondence between the model and observed biomass was mixed for site CRMS0136
(Fig. 15a), which was in Breton Basin (see Fig. 6). Observed data indicated that most of the biomass is represented by SPPA (327 g C
m−2), with a smaller contribution from SPAL (53 g C m−2) and from
non-modeled species (49 g C m−2). Like observed results, the model
predicts a large contribution from SPPA (191 g C m−2). However, the
second tier of biomass contribution predicted by the model is diﬀerent
from observed data (Fig. 15a).Fig. 15b shows a comparison for site
4529 (see Fig. 6), which is in the lower Barataria Basin. The model
results at this location correspond well to the observed biomass values.

reference with an assumption that seasonal vegetation biomass changes
observed in 2014 are similar to those for 2009 and 2011. Aboveground
vegetation biomass data were collected at 24 sites (15 CRMS, 5 MBB,
and 5 MBS sites) in 2014 (see map in Fig. 6) in Barataria and Breton
basins and were compared to model results (Meselhe et al., 2015). The
vegetation total maximum biomass curves (Fig. 14), vegetation growth,
and mortality rates for each vegetation taxa were used to calibrate the
aboveground vegetation biomass dynamics. Table 13 lists the coeﬃcients from model calibration.
Vegetation biomass values were compared to observed data collected in 2014 at 24 sites (Table 14). Both observed and simulated
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Table 11
Nutrient dynamics model calibration coeﬃcients.
Processes

Coeﬃcients

Phytoplankton

Organic Matter
Electron acceptors

Inorganic N

Inorganic P

Settling, other than phytoplankton

Mort2MIC
Mort2ANA
V0SedFFL
V0SedGRE
V0SedMIC
V0SedANA
V0SedMDI
V0SedMFL
V0SedDIN
b_poc2doc
b_poc3doc
KsNiDen
CoxDenInh
KsOxDenInh
KsAmNit
KsOxNit
RcNit20
fr_FeIM1
fr_FeIM2
fr_FeIM3
fr_Feox
KadsP_20
RatAPandVP
EqAPATDisp
V0SedPOC
V0SedIM1
V0SedIM2
V0SedIM3

Ranges

Mortality at chloride = 0 for MICROCYSTIS (1/day)
Mortality at chloride = 0 for ANABAENA (1/day)
Sedimentation rate for FFLAGELA (m/day)
Sedimentation rate for GREENS (m/day)
Sedimentation rate for MICROCYSTIS (m/day)
Sedimentation rate for ANABAENA (m/day)
Sedimentation rate for MDIATOMS (m/day)
Sedimentation rate for MFLAGELA (m/day)
Sedimentation rate for DIOFLAG (m/day)
Fraction POC2 converted to DOC (−)
Fraction POC3 converted to DOC (−)
Half saturation constant for NO3 limitation (gN/m3)
Critical diss. ox. Conc. for inhib. denitriﬁ. (g/m3)
Half saturation constant for oxygen inhibition (g/m3)
Half saturation constant for NH4 limitation (gN/m3)
Half saturation constant for DO inhibition (g/m3)
MM-nitriﬁcation rate at 20 °C (gN/m3/d)
Fraction Fe in inorganic matter IM1 (−)
Fraction Fe in inorganic matter IM2 (−)
Fraction Fe in inorganic matter IM3 (−)
Fraction reactive Fe of total Fe (−)
Absorption equilibrium constants at 20 °C
Ratio of apat. and vivian. Precipitation rate (−)
Equilibrium conc. PO4 with apatite (gP/m3)
Settling velocity for POC 1 to 4 (m/day)
Settling velocity for silt (m/day)
Settling velocity for clay (m/day)
Settling velocity for sand (m/day)

Basin

WQ Variable

Mean

Bias

Unbiased RMSD

2009

Barataria
(25 stations)

Chl-a (ug/l)
TN (mg/l)
NH4 (mg/l)
NO3 (mg/l)
TP (mg/l)
PO4 (mg/l)
SiO2 (mg/l)
TSS (mg/l)
Chl-a (ug/l)
TN (mg/l)
NH4 (mg/l)
NO3 (mg/l)
TP (mg/l)
PO4 (mg/l)
SiO2 (mg/l)
TSS (mg/l)

15.87
0.79
0.02
0.24
0.13
0.08
1.86
15.19
35.59
1.06
0.03
0.30
0.12
0.06
1.82
25.48

−4.70
0.18
−0.02
0.19
0.08
0.03
0.00
−24.20
15.93
0.20
−0.02
−0.07
0.02
0.01
0.02
−9.40

15.01
0.33
0.03
0.16
0.03
0.03
1.09
47.75
33.44
0.36
0.04
0.38
0.05
0.07
1.04
37.65

Breton (15 stations)

Sediment/Soil

Veg

Unveg

Veg

Unveg

0.08
0.08
0.25
0.5
0.5
0.5
0.5
0.25
0.25
0.10
0.10
0.25
1.0
2.0
0.2
0.5
0.2
0.034
0.034
0
0.5
1200
0.0
0.1
1.0
0.15
0.05
3.0

0.08
0.08
0.25
0.5
0.5
0.5
0.5
0.25
0.25
0.10
0.10
0.25
1.0
2.0
0.2
0.5
0.2
0.034
0.034
0
0.5
1200
0.0
0.1
0.5
0.025
0.005
3.0

–
–
–
–
–
–
–
–
–
0.10
0.10
1.0
10.0
1.0
0.2
0.5
30.0
0.034
0.034
0
1.5
1200
0.0
0.1
–
–
–
–

–
–
–
–
–
–
–
–
–
0.10
0.10
0.25
10.0
2.0
0.2
0.5
30.0
0.034
0.034
0
1.5
1200
0.0
0.1
–
–
–
–

distribution) was inﬂuenced by the hydrodynamics component through
the eﬀects of inundation related stressors to the marsh vegetation biomass as well as the niche characteristics (salinity and water level) of the
vegetation taxa. The vegetation height of each of the taxa (simulated in
biomass model) dictates when a critical prescribed threshold of water
depth was reached which results in the addition of an inundation
mortality rate. These processes inﬂuence the biomass production of the
vegetation (Fig. 16a).
The feedbacks between the nutrient dynamics and vegetation dynamics
component (biomass and species distribution) are incorporated into the
model because of the importance of soil porewater nutrients to the growth
of vegetation biomass and the eﬀects plant nutrient uptake has on the
availability of nutrients for other organisms, such as phytoplankton. In
Fig. 16b, during the growing season, marsh vegetation (Spartina patens)
removes ammonium from the soil porewater and builds aboveground biomass resulting in a depletion of ammonium concentrations. This results in
an increase in the ﬂux of particulate organic carbon to the top soil layers
(Fig. 16c). Once the vegetation biomass starts to senesce during the fall
season, the ammonium porewater concentrations return via organic matter
remineralization (Fig. 16b and c).

Table 12
Average error estimates for water quality variables in the Barataria and Breton
basins.
Year

0.035–0.08
0.035–0.08
0.0–1.5
0.0–1.5
0.0–1.5
0.0–1.5
0.0–1.5
0.0–1.5
0.0–1.5
0.05–0.2
0.05–0.2
0.05–0.4
1.0–10.0
0.1–2.0
0.1–0.7
0.05–1.0
0.1–30
0.025–0.075
0.025–0.075
0.0
0.1–1.5
1000–3000
0.0–2.0
0.05–0.25
0.0–1.0
0.0–1.0
0.0–1.0
0.0–1.0

Calibrated Values
Water

The observed biomass totaled 375 g C m−2 and was all invested in a
single species, S. alterniﬂora (SPAL). The vegetation models predicted a
total biomass of 269 g C m−2 at this location, with most of the biomass
being invested in SPAL. Three other taxa, Phragmites spp. (PHAU7), S.
patens (SPPA), and S. lancifolia (SALA), were also predicted to be present, but they made relatively small contribution to the overall biomass.
See Meselhe et al. (2015) for vegetation biomass comparison results for
seven vegetation taxa at CRMS sites. In addition, more information
about the discrepancies can be found in section 4.0 Discussion.

3.4. Coupled hydrodynamics, morphodynamics and vegetation dynamics
components
As mentioned previously, there is a strong bidirectional interaction
between vegetation and hydrodynamics. To demonstrate the inﬂuence
of vegetation on the ﬂow ﬁeld and morphology, a model experiment
was performed with and without vegetation. Fig. 17 shows the diﬀerence in the bed elevation in the simulation experiments with and
without vegetation, where the areas identiﬁed in cold colors reﬂect the
additional sediment deposition due to the presence of vegetation. The
sediment deposited in the simulation experiment with vegetation would
have been transported further out by the ﬂow – hence the hot colored
areas shown in Fig. 17.

3.3. Coupled hydrodynamics, nutrient dynamics, and vegetation dynamics
components
The vegetation dynamics component (biomass and species
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Fig. 13. Example of water quality model comparison results at Lake Salvador (BB5) in Barataria Basin, west of the Mississippi River.

a computationally heavy model that requires an interdisciplinary team
to interact with and interpret its results.

4.1. Hydrodynamics and morphodynamics components
The water levels, discharges, velocities, and salinities at various
sites along the lower Mississippi River and the receiving basins were
well captured. Further, the sediment loads at Belle Chasse (see Fig. 11)
within the Mississippi River channel and deposition patterns at the
outfall area of the West Bay sediment diversion (see Fig. 6 for the location of these stations and areas) also compared well against the
available information in the literature or ﬁeld measurements. The
model performance has been assessed in a quantitative manner using
statistical tools deﬁned in Meselhe et al. (2015). The model results
captured the ﬂow distribution through the passes reasonably well.
Table 5 shows the model results and how they compare to data-based
rating curves. In the upper and middle basins, the modeled salinities
compared well against the observations in the upper and middle of the
basins but not as well in the lower portion of the basins. This could be
attributed to possible salinity stratiﬁcation that would not be captured
with this depth-averaged model (2D), and due to the scarcity of available open water measurements of salinity, there are uncertainties related to the prescribed boundary conditions assigned. Currently, the
model includes the inﬂuence of wind-driven resuspension and tidal
circulation and how they redistribute sediment in the receiving basins.
Future model versions should consider assessing the role of waves and
weather events (e.g. winter storms also known as cold fronts) on redistribution of sediment in coastal areas and erosion of wetlands. The
model architecture allows a full coupling with the SWAN wave model,
but at this stage has not yet been included. The impacts of storms, including pressure and waves should be considered in future versions of
this model because these events can have substantial eﬀects on the
wetland vegetation, distribution of deposited sediment, and morphological features. Including the physical destruction of storms on vegetated habitats would require a higher frequency of coupling (less than
annual) to incorporate these potential drivers.

Fig. 14. The maximum (or target) total biomass (aboveground + belowground) curves of seven vegetation taxa. See Table 3 for scientiﬁc name.

4. Discussion
Human and natural impacts on estuarine ecosystems can be quantiﬁed with various models including the eﬀects of hydrodynamics,
nutrient dynamics, vegetation dynamics, and morphodynamics. Such
models typically focus on one or few aspects (hydrodynamics, morphodynamics or vegetation dynamics) while oversimplifying or omitting the others (Wolanski and Elliot, 2015). The integrated model
presented here is a signiﬁcant advancement in modeling deltaic and
coastal systems because (a) it captures the interaction and feedback
among various hydrologic, morphologic, and ecological processes; and
(b) it is applicable to large spatial ecosystems and at a long temporal
scale (decadal). The beneﬁts of using on-line (two-way) feedback include better representation of the natural environments because of the
dynamic interactions. However, the limitations of this approach include
414

Environmental Modelling and Software 109 (2018) 402–419

0.0
1

0.0
1

0.0
1

0.0
1

0.0
1

0.0
1

0.0
1

Expert assumptions
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The vegetation models were parameterized through ﬁeld observations and an extensive review of the literature. Integration the vegetation models allowed for predicting reasonable patterns of species distribution, composition, and seasonal biomass dynamics driven by
nutrients and hydrodynamics. Overall, the predicted aboveground
biomass results are encouraging. The comparison for sites CRMS0135
and 4529 (Fig. 15) suggests that the biomass predictions made by the
collective action of the three vegetation models (species distribution,
biomass, and biomass allocation) are consistent with the dynamics of
the natural ecosystem. At these two locations, the dominant species
identiﬁed by the model was consistent with observed results. This
suggests that the species distribution predicted by vegetation species
distribution model, the biomass predicted by vegetation biomass
model, and the allocation of biomass to aboveground predicted by vegetation biomass allocation model are individually and collectively
reasonable. While these comparisons do provide insight into performance of the models, they must be interpreted with a degree of caution.
The spatial scale of data collection from the CRMS sites was not completely compatible with the predictions of the model. The data was
collected from a single 0.25 m2 quadrat, while the models are predicting vegetation dynamics at a 0.25 km2 resolution. Therefore, the
model often predicts that a location contains several species. On the
other hand, a single 0.25 m2 ﬁeld quadrat was not likely to reﬂect the
full diversity in plants found near the plot. Future work on the vegetation modeling might also include the responses of belowground biomass to wetland soil strength to help better understand how nutrient
enrichment might inﬂuence erosional properties (Morris et al., 2013;
Turner, 2011).
The Integrated Biophysical Model presented here compares well
with observations, and captures the seasonal patterns of key processes.
There are still discrepancies between modeled and observed data that
will require further improvements on how the various processes interact. we recognize the temporal scales of the diﬀerent components.
For example, only the morphodynamics component is accelerated
(given the large time scale of sediment processes) while the nutrient
dynamics, hydrodynamics, and vegetation dynamics were simulated
without the acceleration factor. Periodically, feedbacks among the
components were conducted to capture the collective changes to the
landscape. A sensitivity analysis was conducted on the appropriate
acceleration factor to ensure that the morphologic processes were not
altered. Strategic long-term data collection is also needed to better
understand the temporal and spatial scales and feedback among these
key processes. For example, more measurements are needed to improve
the ability of the model to accurately represent how live vegetation

RcMrtVB
CrnsfVB

carbon nitrogen ratio (aboveground)
carbon phosphorus ratio
(aboveground)
inundation mortality rate (1/d)
lag time (day) for inundation mortality

VegHeVB

CrdepVB

CNF2VB
CPF2VB

48.2
1266

35
1700

71.2
1758

108
2371

28.5
614

32.4
27.2

50.2
1079

Adams and Bate, 1999; Asaeda and Karunaratne, 2000; Bertness, 1991, 1985; Birch and Cooley, 1982; DeLaune et al.,
1979; Fox and Haller, 2000; Frost et al., 2009; Gerard, 1999; Grace, 1989; Gross et al., 1991; Hester et al., 1996; Hogg
and Wein, 1988; Howard and Mendelssohn, 1999; Johnson et al., 1985; Ket et al., 2011; Lorenzen et al., 2001;
Mendelssohn et al., 1981; Richards and Ivey, 2004; Stanton, 2005; Stutzenbaker, 2010; Weisner and Miao, 2004
Vegetation biomass allocation model
Vegetation biomass allocation model
1.65
1.35
1.2
1.03
1.0
3.5
2.5

Birch and Cooley, 1982; Stutzenbaker, 2010
0.50
0.34
0.30
0.21
0.2
0.70
0.75

Deltares and WI assumptions
1.07
1.07
1.07
1.07
1.07
1.07
TcMSWV

net growth rate at 20 °C (1/d)
temperature coeﬃcient of growth (−)
senescence mortality rate at 20 °C (1/
d)
temperature coeﬃcient of senescence
mortality
critical depth (m) for inundation
mortality
vegetation height (m)

1.07

Duke-Sylvester and Visser personal communication
Asaeda and Karunaratne, 2000; Soetaert et al., 2004
Asaeda and Karunaratne, 2000; Best et al., 2011; Soetaert et al., 2004
0.1
1.04
0.0125
0.1
1.04
0.0125
0.1
1.04
0.0125
0.1
1.072
0.0125
0.1
1.04
0.0075
0.1
1.04
0.025

4.3. Vegetation dynamic component

Rc0GWV
TcGWV
Rc0MSWV

0.1
1.072
0.025

Source
ZIMI
SALA2
SALA
SPPA
SPAL
PHAU7

The nutrient dynamics component captured the general temporal
and spatial nutrient dynamics, and the model compared well against
most of the ﬁeld observations. Including the sediment/soil layers in the
model helped to represent the important nutrient ﬂuxes between the
sediment/soil layers and the overlying water column. In addition, the
coupling of the phytoplankton model within the nutrient dynamics
model allowed for phytoplankton to respond via composition and biomass to nutrient enrichment and changes in salinity regimes.
Integrating the nutrient dynamic model with a morphodynamic model
also allows for investigating the impact of climate change (e.g. sea level
rise and subsidence) and the associated increase in salinities and temperature on the ecological characteristics of these shallow coastal systems. Future improvements to the nutrient dynamics model include
better representation of Chl-a, NH4, TSS, TP, and PO4 concentrations
that will likely require additional studies of the boundary conditions
oﬀshore, point and non-point sources, ﬂuxes through the estuarine
passes, as well as atmospheric deposition of nutrients.

Description

TYDO

4.2. Nutrient dynamic component

Parameter

Table 13
Vegetation growth and mortality rates of seven taxa used in vegetation biomass model. See Table 3 for scientiﬁc name.
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Table 14
Vegetation aboveground (AG) and belowground biomass (BG) comparison between model and observed data in Barataria (n = 12) and Breton (n = 12) basins.
Year

Basin

Biomass

Mean Observed
(g C m−2)

Mean Modeled
(g C m−2)

Bias
(g C m−2)

Std.
(g C m−2)

RMSE
(g C m−2)

2014

Barataria

AG
BG
AG
BG

391
1351
489
1400

101
167
201
325

−290
−1184
−288
−1074

173.7
693.4
182.1
696.4

83.4
96.6
64.9
86.9

Breton

Fig. 15. Aboveground biomass comparison for each of the marsh vegetation taxa, including the grand total at two sites, a) CRMS0136 and b) CRMS4529 for year 2014.

Fig. 16. The modeled response of a) S. patens
aboveground biomass (from the vegetation biomass
model) to variability in the water level (produced
from the hydrodynamics model) b) soil porewater
ammonium depletion (from the nutrient dynamics
model) during the growing season, and c) soil particulate organic carbon ﬂuxes to the top soil layers at
site CRMS3985 (see Fig. 6). Arrows in panel a) refer
to vegetation biomass responses when the critical
water depth was exceeded.
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Fig. 17. Diﬀerence map of bed levels (hot colors are deposition and cold colors are erosion) of the Mississippi
River Bird's Foot Delta and the receiving basins based
from a simulation experiment with and without marsh
vegetation. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the Web
version of this article.)

Developers: Ehab Meselhe, Melissa M. Baustian, Hoonshin Jung,
Scott M. Duke-Sylvester, Jenneke Visser, Dirk Sebastiaan van Maren,
Johannes Smits, Valesca Harezlak, Michelle Jeuken.
Contact information: emeselhe@thewaterinstitute.org.
Hardware required: General-purpose computer.
Software required: MPICH2, Microsoft Visual Studio 2010 and Intel
Fortran Complier 11.1 (or higher), Python.
Programming language: Fortran 90, Python, C++
Availability: The models are open-source and can be accessed via
the repository of Deltares (http://oss.deltares.nl/). Contact the developers for details.

biomass is inﬂuenced by inundation, the rate of biomass loss due to
inundation, how vegetation stem density aﬀects sediment trapping,
how nutrient loading inﬂuences the vegetation above- and belowground biomass, and how the morphology of the landscape might be
altered by these processes.
5. Conclusions
Integrated ecosystem models are advancing to encompass more of
the complexity of natural resources because of a demand to better represent ecosystems and projected future conditions and processes. Of
especial importance is capturing feedback among hydrodynamics, nutrient dynamics, vegetation dynamics and morphodynamics processes.
Such transfer of information back and forth, results in a better representation of ecosystems as a whole but have not been well developed. For example, various hydrodynamic and water quality models
representing coastal systems often lack the integration of vegetation
dynamics and morphodynamics components. Static assumptions are
often made when the other components are missing, such as either ignoring the temporal changes that would inﬂuence ecosystem processes
or over- or under-estimating how the ecosystem responds to related
environmental drivers. The Integrated Biophysical Model presented
here advances the ﬁeld of integrated ecosystem modeling by capturing
these essential processes in coastal and deltaic systems that are often
undergoing rapid change and need large scale restoration. The model
shows how salinity and water level variability aﬀect the spatial distribution of vegetation taxa; how inundation inﬂuences the vegetation
biomass; how the presence of vegetation results in added ﬂow resistance and potential trapping of mineral sediment; how organic
matter accretion and mineral sediment deposition sustains wetlands;
how nutrients availability/limitation aﬀect the growth; and how hydrodynamic forcings could cause wetland loss through erosion processes. This integrated model can be a valuable tool to decision makers
worldwide who are planning large scale coastal and deltaic restoration
projects.
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