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ABSTRACT

There remains much debate regarding the perceived tradeoffs of using freshwater and
sediment diversions for coastal restoration in terms of balancing the need for wetland
restoration versus preserving eastern oyster (Crassostrea virginica) production. Further
complicating the issue, climate change-induced sea-level rise (SLR) and land subsidence
are also expected to affect estuarine water quality. In this study, we developed a process-
based numerical modeling system that couples hydrodynamic, water quality, and oyster
population dynamics. We selected Breton Sound Estuary (BSE) (~2,740 km?) in the
eastern Mississippi River Deltaic Plain since it is home to several of the largest public
oyster seed grounds and private leases for the Gulf coast. The coupled oyster population
model was calibrated and validated against field observed oyster growth data. We
predicted the responses of oyster population in BSE to small- (142 m® s™) and large-scale
(7,080 m® s™) river diversions at the Caernarvon Freshwater Diversion structure planned
in the 2012 Coastal Master Plan (Louisiana) under low (0.38 m) and high (1.44 m)
relative sea-level rise (RSLR=eustatic SLR + subsidence) compared to a baseline
condition (Year 2009). Model results showed that the large-scale diversion had a stronger
negative impact on oyster population dynamics via freshening of the entire estuary,
resulting in reduced oyster growth rate and production than RSLR. Under the large-scale
diversion, areas with optimal oyster growth rates (> 15 mg ash-free dry weight (AFDW)
oyster* wk™) and production (> 500 g AFDW m yr'*) would shift seaward to the
southeastern edge of the estuary, turning the estuary into a very low oyster production
system. RSLR however played a greater role than the small-scale diversion on the
magnitude and spatial pattern of oyster growth rate and production. RSLR would result in
an overall estuary-wide decrease in oyster growth rate and production as a consequence
of decreased salinities in the middle and lower estuary because rising sea level likely

causes increased stage and overbank flow downstream along the lower Mississippi River.
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1. Introduction

Large-scale riverine and estuarine restoration activities alter coastal habitats, often
shifting dynamic water quality characteristics in relation to static habitats. This is
particularly true along the northern Gulf of Mexico, where significant river management
and restoration activities affect coastal estuarine water quality, potentially impacting the
economically and ecologically important eastern oyster (Crassostrea virginica).
Ecologically, oysters serve as ecosystem engineers, building reefs, providing habitat,
filtering the water column, and reducing wave energies (Coen and Luckenbach, 2000; La
Peyre et al., 2014). Economically, oyster production from the northern Gulf of Mexico
represents over 50% of the nation’s landings, and in coastal Louisiana, the oyster industry
accounts for about 34% of the nation’s landings (National Marine Fisheries Service
(NMFS) landings data). Ensuring that this keystone species remains sustainable in the
face of significant coastal restoration activities, high local subsidence rates and predicted
sea level rise requires tools that can synthesize basic oyster population data with
hydrodynamic and water quality information.

The complex interaction of numerous environmental factors affects the growth,
reproduction, recruitment and survival of oyster populations. The impacts of water
quality and hydrology on oyster production and growth are affected by multiple factors
including water circulation, salinity, temperature, food, sedimentation, bottom type,
disease, and predation (Shumway, 1996). Salinity and temperature are two key factors
affecting oyster metabolism, while also impacting the likelihood of disease and predation
on oyster populations (Shumway, 1996; La Peyre et al., 2010). Numerous studies have
examined oyster growth and mortality explicitly in response to salinity, temperature,
disease incidence and predation (Galtsoff, 1964; Dame, 1972; Shumway, 1996; Soniat et
al., 1998; La Peyre et al., 2003; La Peyre et al., 2010; Banks, 2011; La Peyre et al., 2013).
However, determining oyster population sustainability requires also considering other
environmental factors, such as water circulation or movement, and water turbidity which
can impact food availability and energy demands, and settlement patterns of oysters
(Grizzle et al., 1992; Klinck et al., 1992; Powell et al., 1992; Lenihan et al., 1996; Soniat
et al., 1998; Dekshenieks et al., 2000).



In coastal Louisiana, and within one of the historically major oyster producing
estuaries, Breton Sound Estuary, all of these environmental factors are being manipulated
by coastal activities (Day et al., 2003; Meselhe et al., 2012; Couvillion et al., 2013), and
affected by climate change including sea-level rise (SLR) and land subsidence (Williams,
2013). Coastal Louisiana is experiencing significant land loss, and as a result, has
proposed large land-building activities, anchored by the use of sediment and river
diversions (Peyronnin et al., 2013). Freshwater diversions can dramatically change
estuarine salinity, temperature, suspended sediment concentration, chlorophyll-a
concentration (Chl-a) as well as water circulation and water level variability (Day et al.,
2003; Lane et al., 2007; Snedden et al., 2007). Within the Breton Sound estuary, the
Caernarvon Freshwater Diversion (CFD) has been in operation for numerous years, and
studies have found that a spring pulse (~185 m* s™) freshened and cooled the upper
estuary for nearly one month, increasing Chl-a in the middle estuary (Day et al., 2003;
Lane et al., 2007). While diversion discharge has to exceed 100 m* s™ for several weeks
in order for river sediment to reach subsiding marsh regions for vertical accretion
(Snedden et al., 2007), these long-duration pulses of one month or more in summer and
when combined with heavy rainfall can depress oyster production, or result in significant
oyster mortalities (Banks, 2011; La Peyre et al., 2013). At the same time, it is possible
that diversions can be managed in ways that are beneficial to oysters. For example,
freshwater diversions may lower salinities enough to reduce oyster predators or impacts
from parasites (La Peyre et al., 2009), or, oysters may benefit from increased food
supply, as indicated by elevated Chl- a levels (Lane et al., 2007).

Along with significant coastal restoration and management activities, recent
predictions that global sea level will rise by 80-200 cm by 2100 (e.g., Pfeffer et al., 2008)
suggest possible further impacts on estuarine water quality that may impact oyster
populations. Relative sea level rise (RSLR= eustatic SLR + subsidence) can increase
flooding levels, and also increase estuarine salinity (Hilton et al., 2008; Huang et al.,
2015), a key factor affecting oyster growth and survival (Chatry et al., 1983; Shumway,
1996; Livingston et al., 2000; La Peyre et al., 2016). Changes in salinity regimes under
RSLR would vary with locations in the estuary as a result of the variations in bathymetry,

ocean circulation, and mixture between river water and tides (Hilton et al., 2008; Huang



et al., 2015; Wang et al., 2016). Furthermore, it is unclear how RSLR effects would
interact with coastal restoration plans which involve changes in river inputs into
estuaries. Any future oyster management plan would not be accurate without considering
the consequences of both RSLR and freshwater management activities.

Linking spatial and temporal changes in water quality to oyster growth rate and
production requires coupling of hydrodynamic, sediment transport and water quality
models with an oyster population model. While studies in BSE have demonstrated that
CFD causes changes in the spatial and temporal patterns of temperature, salinity, total
suspended solids (TSS), Chl-a, and velocity with large pulses of water released during
the springtime (Lane et al., 2007; Lundberg et al., 2014), the highly dynamic and variable
water quality makes it difficult to fully capture all of the changes through discrete field
sampling. As such, hydrodynamic, sediment transport and water quality modeling is
required to fully capture such dynamic changes in space and time with sufficient spatial
and temporal resolutions. Within BSE, hydrodynamic, sediment transport and water
quality models have been coupled to examine the impacts of pulsed freshwater diversion
on hydrology, water quality and sedimentation (e.g., Huang et al., 2011; Wang et al.,
2016), and to investigate the hydrodynamic response of BSE to extreme events, such as
Hurricanes Isaac (2012), Katrina (2005), and Gustav (2008) (Chen et al., 2010; Hu et al.,
2015), or to predicted RSLR, but none have yet been coupled with any oyster population
dynamic models. Oyster population models have been used to examine different
management scenarios in Texas (Dekshenieks et al., 2000; Klink et al., 2002; Powell et
al., 2003), and in Florida (Wang et al., 2008), but no oyster population model has been
explicitly parameterized for coastal Louisiana, or coupled to existing Louisiana estuary
water quality or hydrodynamic models.

In this study, our objectives were to 1) develop a high spatial resolution, process-
driven, hydrodynamic, water quality, and oyster population coupled model; and, 2)
project impacts of two levels of CFD (low, high) on oyster growth rate and production in
BSE under different scenarios of RSLR. With a rapidly changing coastal environment,
developing tools which can integrate and examine multiple future scenarios and linking
them to fisheries outcomes are is critical. To our knowledge, there have been no such

spatially explicit, process-driven, hydrodynamic, water quality and oyster population



coupled models to address the consequences of combined freshwater management (e.g.,
freshwater diversion) and RSLR on the spatial and temporal oyster population dynamics

(recruitment, growth and mortality) in the literature.
2. Materials and methods
2.1. Study area

The Breton Sound Estuary is a semi-enclosed estuary, bounded on the south and on the
west by the levees of the Mississippi River, and on the north in part by the ridges of the
Mississippi River Gulf Outlet (MRGO, closed in 2009) (Fig. 1). It is open to the Gulf of
Mexico on the southeast. The estuary encompasses approximately 2,740 km?, of which
750 km? are wetlands. The bathymetries in BSE are very complicated with numerous
bays, lakes, bayous, canals and marshes. Astronomical tides in BSE are primarily diurnal
with typical spring tide velocities of 10 cm s™* (Cable et al., 2007). The estuary is a
weakly stratified estuary with shallow water depth (~1.5 m), and a larger tidal flux
(~4,000 m* s) relative to average freshwater input (~40 m®s™), and strong wind-induced
mixing (Cable et al., 2007; Huang et al., 2011).The major vegetation types in the estuary
along an increasing salinity gradient seaward are fresh, intermediate, brackish, and saline
marshes (e.g., Sasser et al., 2008).

Oysters grow in abundance in the rich coastal waters of Louisiana and can be found
naturally in dense aggregations called reefs both in the intertidal (nearshore) and subtidal
environment, but primarily exist subtidally. The BSE is economically important because
it is the home to several of the largest public oyster seed grounds and private leases for
the Gulf coast (LDWF, 2009).

In 1992, the Caernarvon Freshwater Diversion (CFD) structure, located at the head of
the BSE with the capability of delivering substantial freshwater, sediment and nutrient,
became operational as a means to manage salinity for shellfish production in Breton
Sound (U.S. Army Corps of Engineers, 1984). The original design capacity of the CFD
was 225 m* s. While originally conceived and designed to moderate salinities for
shellfish production (U.S. Army Corps of Engineers, 1984), Louisiana’s 2012 Master



Plan identified CFD as one of the major tools to offset wetland loss (Couvillion et al.,
2013).

2.2. Modeling system

We developed a process-based numerical modeling system that couples
hydrodynamics, water quality, and oyster population dynamics to examine the impacts of
a freshwater diversion and RSLR on oyster mortality, growth rate, and production. The
coupled modeling system was based on the Delft3D model suite developed by Deltares
(2013). The hydrodynamics in BSE were simulated using the Delft3D-FLOW model (Hu
et al., 2015). The input includes tides, river discharge, atmospheric pressure, wind and
waves, and outputs include water level, temperature and velocity field. The model has
varying spatial resolutions with the finest resolution of ~20 m in BSE. The hydrodynamic
model for BSE was calibrated and validated using observed water levels in 2009 as well
as in the period of August 26-October 31, 2012 when Hurricane Isaac made landfall
along coastal Louisiana on August 29, 2012 at multiple stations including those of the
Louisiana Coastwide Reference Monitoring System (CRMS, http://lacoast.gov/crms2/).
For details of the hydrodynamic model development, calibration, validation and
application, refer to Hu et al. (2015).

We simulated the spatial and temporal patterns of salinity, TSS (mg 1), and Chl-a (ug
I'YY in BSE using the Delft3D-WAQ model (Wang et al., 2016). The Delft3D-WAQ
model is based on the advection-diffusion-reaction equations, together with an extensive
water quality library of inter-related source and sink terms to represent water quality
processes. The Delft3D-WAQ is supplied with hydrodynamic data from the Delft3D-
FLOW model using the coupling procedure embedded in the Delft3D model suite. The
biological processes in the model include algae growth, respiration and mortality due to
natural mortality and zooplankton grazing, sedimentation and re-suspension of algae and
particulate matter. Forcing functions for the Delft3D-WAQ model include freshwater
flow, tidal exchange, water temperature, light, wind, and nutrients from the Caernarvon
diversion and atmospheric deposition. The BSE water quality model was calibrated and

validated using observed data in 2009 on salinity, TSS, and Chl-a at 16 water quality



stations (Lane et al., 2007; Day et al., 2009; Lundberg et al., 2014) and 22 LDWF stations
(LDWF unpublished data, Fig. 1). For details of the BSE water quality modeling, refer to
Wang et al. (2016).

An oyster population model for Gulf of Mexico estuaries was applied to Louisiana
oysters in this study. The oyster population model was first developed by Powell et al.
(1992), Hofmann et al. (1992, 1994), and Klinck et al. (1992) for oyster dynamics in
Galveston Bay, Texas. This oyster population model was further modified and applied to
oyster population dynamics in Apalachicola Bay, Florida (Wang et al., 2008). The oyster
population model has been applied to examine the effects of environmental changes
including freshwater inflow on oyster population dynamics in estuaries along the Gulf of
Mexico (Dekshenieks et al., 2000; Klinck et al., 2002; Wang et al., 2008). We applied the
post-settlement population dynamic model with necessary modifications for the specific
physical and biological conditions of BSE to simulate the growth, respiration,
reproduction, and mortality of the benthic phase of the oysters’ life history from newly
settled juvenile through adulthood under various environmental conditions. The forcing
functions of the model include estuary salinity, temperature, turbidity, food, and current
velocity (Fig. 2). The details of the assumptions, main equations, relationships and
parameters of the oyster population are described in Appendix A. The model parameters
are given in Table 1.

Similar to Wang et al. (2008), three size classes (spat: <25 mm; seed: >25mm, <75mm
and sack: > 75 mm) were used. Below we describe the modification of the oyster model
compared to Wang et al. (2008) used for Louisiana oyster population.

The oyster length to biomass relationship was developed from data collected in
previous oyster studies in BSE (La Peyre et al., 2013; Rybovich et al., 2016; La Peyre
unpubl. data). The relationship can be described by the equation:

L=623W8orWw = 0.125% L1357  (p<0.05, R?=0.27, N=436) Q)
where L is length (cm) and W is ash-free dry weight (AFDW, g).

The mortalities of oysters in BSE were estimated using the following equations based
on long-term monitoring (1988-2012) data on seasonal mortality and average salinity and
temperature at multiple stations in the estuary (La Peyre et al., 2016):

M = 0.455%2 — 10.59S + 1.46T2 — 65.28T + 794.64 (p<0.05, R?=0.22) (2)



where M is annual mean oyster mortality (%), S is annual mean salinity and T is annual
mean temperature. At all temperature regimes, M = 100% when salinity is < 2 (Galtsoff,
1964; La Peyre et al., 2009; Rybovich et al., 2016), M = 0.01% if M <0, and M = 100%
if M > 100%. Furthermore, these mortality rates were applied to what we termed the
spawning period (May-October) only based on field data indicating that the vast majority
of mortality (>95%) occurred during this time period (La Peyre et al., 2013; Rybovich et
al., 2016) in BSE, and in other Gulf coast estuaries such as Apalachicola Bay, Florida
(e.g., Petes et al., 2012). Because very few (< 5%) mortalities are reported during the
November-April time period (Petes et al., 2012; La Peyre et al., 2013; Rybovich et al.,
2016), we set mortality to zero for this time period in the model.

Food supply is affected by population density and current velocity (Klinck et al., 1992;
Lenihan et al., 1996). Growth of juvenile eastern oysters increased with flow velocity up
to 7 cm s™ as a result of enhanced food concentration due to the enhancement of turbulent
vertical mixing (Lenihan et al., 1996), but feeding was inhibited above ~10 cm s™
(Grizzle et al., 1992). The food reduction from population density and flow velocity is
described by Eq. A.6 in Appendix A following Klinck et al. (1992). In Klinck et al.
(1992), high flow and low flow tend to result in different food reduction indicated by the
two sets of k and r values in the equation. In this study the values of k and r are
determined by velocity threshold. The density on food reduction factor and the velocity
threshold on food reduction factor were obtained via calibration. We also modified larval

life span from 15 to 18 days based on observations for Louisiana oysters.

2.3. Model set-up

We selected Year 2009 as the baseline year for oyster simulations since sufficient field
data on both oyster population characteristics and physical environmental conditions are
available for the development of both the water quality and oyster models. Also, 2009
represented an average year, with the diversion discharge at CFD ~53 m* s, very close
to the average of ~57 m® s* for the period of 2001-2012 measured by the USGS National
Water Information System at Caernarvon Outfall Channel station (USGS
295124089542100). The oyster model was first tested, calibrated and validated in a non-



spatial version using site-specific data at a daily time step. After the calibration and
validation, the site-specific oyster model was converted to a spatial model to simulate
spatial oyster dynamics under various scenarios of CFD diversion and RSLR in BSE.

The spatial oyster model was run at a regular grid cell size of 500 m by 500 m and a
weekly time step that are sufficient for describing oyster population dynamics in BSE.
Depth-averaged results from the Delft3D model on hydrodynamics and water quality
were used to drive the BSE spatial oyster model since BSE is a shallow deltaic estuary
(Cable et al., 2007; Snedden et al., 2007). Field measurements of surface and bottom
salinity at oyster reefs conducted by LDWF also show that there is only small difference
between surface and bottom salinities (data not shown). Higher spatial and temporal
resolution hydrodynamic and water quality model results of spatial environmental
conditions (salinity, temperature, TSS, Chl- o and current velocity) under various
diversion, RSLR and the combined scenarios were aggregated into spatial data layers
with a 500-m spatial resolution and a weekly temporal resolution as inputs into the
spatially explicit oyster population model. We delineated oyster areas (<3 m water depth
in sub-tidal zones) in BSE based on information on coverage of historical and current

reefs, public seed grounds, and private lease areas from LDWF (Fig. 1).
2.4. Model calibration and validation

In this study, oyster growth rate is defined as the somatic production per individual
oyster during a week (unit: mg AFDW oyster™ wk™) and oyster production is determined
by the accumulated biomass from all oysters over per unit area in a year (unit: g AFDW
m yr'). The BSE oyster model was calibrated for 2009 as oyster growth, mortality and
environmental data were available. Daily salinity and temperature were taken from three
USGS continuous data recorders located along a salinity gradient in BSE (Cow Bayou,
USGS 073745258; Bay Gardene, USGS 07374527; and Snake Island, USGS 07374526).
Daily values of TSS, and Chl-a, and current velocity in 2009 were provided by the
baseline year coupled hydrodynamic and water quality model (Wang et al., 2016). Chl-a
was used as a surrogate of available food following Soniat et al. (1998): food = 0.088x
Chl-a + 0.520.
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Initial values of population density (number of oysters per square meter) and spawning
period (May to October) mortalities in 2009 for each of the three size classes were
derived from the LDWF Stock Assessment (LDWF, 2009: mortality, density) and LDWF
Nestier Data Tray (unpubl.: growth). Average biomass of each size class was derived
from the length-biomass relationship (Eqg. 1).

Model parameters for the calibration include assimilation efficiency, maximum
reproduction efficiency, larval to spat survival rate, larvae mortality, and population
density on food reduction factor (Table 1). The best estimates of the parameters were
obtained when the closest agreement between simulation and observation on oyster
growth rates (g AFDW per oyster) was reached. For field growth rates at each quarter,
minimum, 1% quarter, median, 3" quarter, and maximum value were calculated to
indicate the variations in field biomass growth rates.

The oyster model was validated using oyster growth and mortality data in 2011 also at
Cow Bayou, Bay Gardene, and Snake Island sites. Daily values of salinity and
temperature in 2011 were obtained from the same three USGS recorders noted above.
Daily values of TSS, Chl- a, and current velocity in 2011 were provided by the coupled
hydrodynamic and water quality model, in which observed MR discharge at Caernarvon
in 2011 was incorporated with the boundary conditions in tide and salinity the same as
the baseline year (2009). Bimonthly oyster growth (in length, and converted to biomass
using the Length-Weight relationship, Eq. 1) and mortality data for 2011 were taken from
La Peyre et al. (2013).

2.5. Sensitivity analysis

We conducted a formal sensitivity analysis of the oyster model to critical parameters
listed in Table 1. In the sensitivity analysis, parameters were decreased by 50% of the
best estimates obtained through the calibration (varying one parameter at a time)
following the protocol of Wang et al. (2012). The relative sensitivity index (RSI) of
parameter i to the state variable (i.e., oyster growth rate) was defined using the following

equation:

AX/X
AP{/P;

RSI = 100 * ( ) 3)
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where P;j is best estimate of parameter i, AP; is the change in parameter i, X is oyster
growth rate at best estimate of parameter i, AX is the change in oyster growth rate due to
the parameter i change. The higher the RSI of a parameter, the more sensitive the model
is to that parameter. Negative values of RSI indicate the negative relationship between

parameter change and change in the state variable, oyster growth rate.
2.6. Simulation scenarios

We selected two diversion flow levels following what was laid out in the 2012 Master
Plan (CPRA, 2012). Specifically, we modeled a low (142 m®s™) and a high (7,080 m*s™)
flow scenario at the site of the Caernarvon Freshwater Diversion structure in the vicinity
of Braithwaite, based on previously defined diversion levels (Wang et al., 2014). The low
flow scenario involves continuous operation when MR flow exceeds 5,663 m* s™, and no
operation (closed) below 5,663 m® s™. The high flow scenario, representing the high end
of the designed diversion discharge in the 2012 Master Plan, involves full flow (7,080
m* s™!) when MR flow exceeds 25,485 m® s*; operation at 1,416 m® s for MR flow from
25,485 m* s down to 16,990 m® s, operation at 8% of river flow for MR flow from
16,990 m* s down to 5,663 m* s, and no operation (closed) below 5,663 m*s™. In the
lower MR, riverine flow for the range of stages is entirely constrained within the levees
upriver right above Bohemia; below Bohemia, the river is mostly contained up to 20,000
m?® s’ higher flows overtop the low eastern river bank into the lower BSE (Fig. 1)
(Martyr et al., 2013). There were overbank flows south of Bohemia during May and
November for all scenarios according to MR discharge in 2009 at Belle Chasse,
Louisiana (USGS 07374525). Similarly, we chose two RSLR scenarios: low = 0.38 m
and high = 1.44 m, for BSE during the next 50 years based on predicted eustatic SLR
rates (DeMarco et al., 2012) and land subsidence rates (Peyronnin et al., 2013) for coastal
Louisiana. We ran the model using a full factorial model of all individual and combined
diversion (low, high) and RSLR (low, high) scenarios, along with the baseline year
(2009).

3. Results
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3.1. Model calibration and validation

The oyster population model was calibrated using the 2009 growth data (converted
from shell length to biomass) at Cow Bayou, Bay Gardene, and Snake Island sites (Fig.
1). The simulated mean oyster growth rates (mg AFDW per oyster during measurement
periods) at the three sites were all within the observed ranges of growth rate (Fig. 3).
Specifically, all simulated growth rates with the exception of seed oysters during April to
June and sack oysters during July to September at Snake Island were within the 25-75
percentiles of the observed values. Simulated growth rates for seed oysters at Cow Bayou
appeared to be at the lower end of the observations (~ 20 mg AFDW oyster™).

Validation results show that the oyster population model is capable of capturing oyster
growth rates at oyster sites in BSE (Fig. 4). The value of R? is > 0.7 indicating that more
than 70% of the observed variation in oyster growth rates in 2011 can be explained by the
oyster model. The oyster population model tends to overestimate observed growth rates
when physical environmental conditions are favorable but underestimate observed values
when oysters were exposed to low salinities. With highly unfavorable conditions, it was
possible for oyster growth rates to be negative due to the reductions in filtration, net
growth, and reproduction as well as increased respiration. In fact, the model produced
three negative biomass-based growth rates at Cow Bayou (March-April, and May-June)
and Bay Gardene (September — October), and these rates were assigned zero in order to

compare the length-converted observations.

3.2. Sensitivity analysis

At the total population level, the oyster model was mostly sensitive to assimilation
efficiency, maximum reproduction efficiency, and the effects of population density on
food reduction (Table 2). As expected, a reduction in assimilation efficiency resulted in a
decrease of oyster growth rates whereas reductions in maximum reproduction efficiency
and population density on food reduction factor led to increases in oyster growth rates.

The total population level model sensitivity indicates that population intrinsic traits (e.g.,

13



assimilation efficiency, maximum reproduction efficiency, and population density on
food reduction) dominate model performance.

The oyster model sensitivity to these parameters differed slightly when evaluated by
size classes. At the seed level, although assimilation efficiency and maximum
reproduction efficiency were still the top two parameters, velocity on food reduction
threshold became the third critical model parameter (Table 2). For sack oysters,
assimilation efficiency, population density on food reduction factor, and larvae mortality
were the top three critical model parameters. Furthermore, the fraction of cumulative
reproductive biomass and velocity on food reduction threshold affected differently the
model performances. The reduction in fraction of cumulative reproductive biomass
tended to increase growth rates of seed oysters but decrease that of sack oysters. In
comparison, the reduction in velocity on food reduction threshold tended to increase
growth rates of sack oysters while decreasing rates of seed oysters. Overall, sensitivity
analysis suggests that parameters representing population intrinsic traits dominate model
performance, but parameters reflecting the physical conditions such as current velocity

are also critical in controlling oyster growth especially for seed oysters.
3.3. Spatial patterns of oyster dynamics under the baseline condition

Oyster growth rate and production in the baseline year (2009) had similar patterns with
highest growth rates (> 15 mg AFDW oyster wk™) and production (> 300 g AFDW m™
yr) in the middle and lower estuary (Figs. 5a and 5b). The area with the highest
simulated growth rate (~23 mg AFDW oyster™ wk™) and production (> 500 g AFDW m™
yr'') was located mid-estuary; lowest overall growth rates (<5 mg AFDW oyster* wk™)
and oyster production (<200 g AFDW myr) occurred in the upper estuary, in fresher
areas. Overall, simulated oyster growth rates in BSE in 2009 ranged from <0 to 22.58
mg AFDW oyster wk™ (mean + standard deviation, SD: 4.10 +3.15 mg AFDW oyster™
wk™) and simulated oyster production ranged from 124 to 2,747 g AFDW m™ yr™ (mean
+ SD: 303+150 g AFDW m? yr™).

3.4. Impacts of River diversions on oyster growth rate and production
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The small-scale diversion (142 m® s™) scenario did not change the relative spatial
patterns of growth and production across the estuary, but did result in decreased overall
mean oyster growth rate (~19%) and production (~5%) (Table 3, Figs. 6a and 7a). These
overall mean reductions resulted from lowered growth rates and production in the optimal
areas identified in the baseline year (Fig. 5a; middle and lower estuary). Specifically, the
estuary-wide mean oyster growth rate was reduced to 3.33 + 2.92 mg AFDW oyster™ wk’
! from 4.10 + 3.15 mg AFDW oyster™ wk* in the baseline condition (Table 3). This
reduction was largely driven by a reduction in growth rates in the middle estuary
(reduced by ~10 mg AFDW oyster™ wk™). Similarly, the estuary-wide production
decreased slightly from 303 + 150 g AFDW m™ yr™* in the baseline condition to 287 +
138 g AFDW m2 yr* under the small-scale diversion (Table 3).

In contrast, the large-scale diversion (7,080 m® s™) resulted in an overall mean negative
growth rate and lowered production across most of the estuary, except for a small area at
the most southern edge of the modeling extent, near Breton Island (Figs. 1, 6b, and 7b).
The estuary-wide mean oyster growth rate was reduced from 4.10 + 3.15 mg AFDW
oyster™ wk* in the baseline condition to -1.04 + 2.59 mg AFDW oyster™ wk™* under the
large-scale diversion, a decrease of ~125% (Table 3; Fig. 6b). A similar pattern occurred
with oyster production with estuary-wide mean production decreasing from 303 + 150 g
AFDW m yr in the baseline condition to 121 + 100 g AFDW m™ yr'* under the large-
scale diversion, a reduction of larger than 60% (Table 3). Similar to oyster growth rate
patterns, the only remaining patches of high production (> 500 g AFDW m yr) shifted
seaward near Breton Island (Table 3; Fig. 7b). Most of the estuary became non-
productive (< 200 g AFDW m™ yr') with such areas covering over 1,442 km? of the
estuary under the large diversion, as opposed to only~320 km? in the baseline condition,
an increase of 350%. Coincident with this increase in low production areas, was a
significant decrease in high production areas (> 200 g AFDW m™ yr'') which originally
covered ~1,300 km?, but now only covered ~180 km?, a reduction of 86%.The highest
simulated production was 1,019 g AFDW m™ yr* under the large diversion compared to
2,747 g AFDW m yr™ under the baseline condition (Table 3).
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3.5. Impacts of RSLR on oyster growth rate and production

Both low (0.38) and high (1.44) RSLR scenarios resulted in net decreases in estuary-
wide growth rate and production (Table 3; Figs. 6¢, 6d, 7c, and 7d). Specifically, under
the low RSLR scenario, growth rate was reduced to 2.68 + 2.92 mg AFDW oyster* wk™
(~35% compared to baseline; Table 3) and production reduced to 254 + 114 g AFDW m™
yr'! (~16%; Table 3). Despite this overall reduction, some areas of the estuary resulted in
significantly increased oyster growth rate, such as near Empire (Fig. 1) where growth
rates increased as much as 28 mg AFDW oyster™” wk™ compared to the baseline
condition (Figs. 5a and 6¢). For production, the areas with production > 500 g AFDW m™
yr'! shrunk slightly but maintained a similar pattern as that in the baseline condition under
low RSLR (Fig. 7c).

Under the high RSLR scenario, patches with highest growth rate (> 15 mg AFDW
oyster™ wk™®) and production (> 500 g AFDW m™ yr*) shifted from the middle estuary in
the northeast near the MRGO to the southwestern portion of the estuary near the
Bohemia-Empire region (Figs. 1, 6d). Despite these areas of high growth, the estuary-
wide growth rate decreased to 0.82 + 3.45 mg AFDW oyster™ wk™ (~ 80% reduction;
Table 3). Mean production also was reduced, decreasing to 192 + 92 g AFDW m2yr! (~
36% reduction from baseline; Table 3). Both RSLR scenarios indicate that rising sea-
level could increase oyster growth rate and production in areas of the estuary with
historically low salinity whereas it decreases growth rate and production in areas of the
estuary with historically moderate to high salinity; but results overall in a net estuary
decrease in oyster growth rate and production.

3.6. Combined impacts of river diversion and RSLR on oyster growth rate and production

In all four combined cases, the simulated estuary-wide mean oyster growth rate and
production decreased when RSLR scenarios (0.38 m and 1.44 m) were superimposed on
each river diversion scenario (Figs. 6e-h, 7e-h; Table 3). The combined high diversion
and high RSLR scenario resulted in the most negative impacts on both growth rate and

production with negative growth (~144% reduction from baseline), and production levels
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less than 33% of the baseline conditions (Table 3). The estuary-wide mean growth rates
were reduced by 124% and 143% under the large diversion (7,080 m®s™) with RSLR
rates of 0.38 m and 1.44 m, respectively, compared to that in the baseline condition
(Table 3). In contrast, under the small-scale diversion (142 m* s™), the estuary-wide mean
growth rates were reduced by 54% and 74% with RSLR rates of 0.38 m and 1.44 m,
respectively (Table 3). The large-scale diversion had a greater impact than RSLR
whereas RSLR played a greater role than the small-scale diversion on oyster growth rate.

Patterns were similar for production. Specifically, under the combination of small-
scale diversion (142 m*s™*) and low RSLR (0.38 m), patches with high production (> 500
g AFDW m2 yr) were still distributed in the middle and lower estuary near MRGO as
that in the baseline condition (Figs. 5b and 7e) although the estuary-wide mean
production decreased to 220 + 107 g AFDW m™ yr* (~27% of reduction) (Table 3). The
patches with production > 500 g AFDW m™ yr shifted to the lower estuary near the
Bohemia-Empire region under the small-scale diversion but the high RSLR scenario (Fig.
79). Under the large-scale diversion, patches with high oyster production would
disappear regardless of rates of RSLR (Figs. 7f and 7h). The estuary-wide mean
production decreased to ~110 g AFDW m yr* under the two RSLR scenarios compared
to that in the baseline condition, a reduction of > 60% (Table 3), indicating that the
estuary could become a very low oyster productive system under the large-scale diversion
and high RSLR. Similarly, the large diversion had a greater impact than RSLR whereas
RSLR played a greater role than the small-scale diversion on oyster production. Under
the small-scale diversion (142 m* s™), the estuary-wide mean productions were reduced
by 27% and 33% with RSLR rates of 0.38 m and 1.44 m, respectively (Table 3).

4. Discussion

Development of a coupled hydrodynamic-water quality-oyster population level model
provides a critical tool to inform management of oysters, and coastal restoration activities.
The use of large-scale sediment diversions to protect coastal regions in Louisiana can be
evaluated with this tool. In the case of Breton Sound Estuary, a mega-diversion would
have significant and detrimental effects on oyster growth and production regardless of

RSLR rates. In contrast, small scale diversions may shift areas of production, while
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RSLR impacts may become more important. In all cases, changes in salinity resulting
from the diversions or RSLR (refer to Fig. 9 in Wang et al., 2016) seem to drive the
response, although changes in TSS and Chl-a (proxy for food that is calculated from Chl-
o measurement using the equation of Soniat et al. 1998) also drive impacts on predicted

oyster growth and population.
4.1. Large-scale diversion impacts

A large-scale diversion would have significant and detrimental effects on oyster
growth and production within BSE. Only a small area would maintain positive growth
rates, and this would be at the southern edge of the extent of the model, suggesting that
BSE will no longer be a productive estuary for the oyster fishery. This detrimental effect
is primarily attributed to the dramatic salinity change as a result of the freshening of the
entire estuary through Caernarvon diversion and associated MR overbank inflow over the
lower BSE (e.g., Martyr et al., 2013).

The large-scale diversion scenario resulted in a reduction of estuary-wide mean annual
salinity from 11.7 ppt to 3.5 ppt (Wang et al., 2016) and high oyster mortalities (40 -
100%) across the estuary. These results match field data showing 100% oyster mortality
in Cow Bayou near Bohemia (Fig. 1) during June-July (2010), which is attributed to
extremely low salinity (< 2 ppt) from heavy rainfall combined with a prolonged nearly
mid-size freshwater diversion (~250 m®s™) ( La Peyre et al., 2013). In addition to salinity
changes, the estuary-wide mean TSS increased by >70% (~17-20 mg I™") and mean Chl-a
decreased by >65% (~9 pg I') with the large-scale diversion. Increased TSS and
decreased Chl-a would reduce oyster filtration and food ingestion, thereby reducing
growth rate and production (e.g., Klinck et al., 1992; Powell et al., 1992; Shumway,
1996; Dekshenieks et al., 2000).

4.2. Small-scale diversion impacts

Model results show that a small-scale diversion would have less effect on oyster

growth rate and production within BSE. The magnitude and distribution of optimal
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growth rate and production in BSE are slightly affected by the small-scale diversion (142
m?® s™) at Caernarvon. The growth rate and production in the middle and lower estuary
can be maintained, increased, or slightly reduced compared to that in the baseline
condition depending on the locations in the estuary. For oysters near the freshwater
sources (e.g., the Caernarvon diversion) where already lower salinities exist, increasing
freshwater flow will result in reduced growth rate and oyster production whereas for
oysters far away from freshwater sources with higher than optimal salinities, freshening
will result in increased growth rate and production. If estuarine salinity is still in the
optimal range (15-20 ppt from this study and La Peyre et al., 2016) for oyster growth
under river diversions, then oyster growth and production can be sustained. The inflow
from the small CFD diversion at the north of the estuary barely reached the middle and
lower BSE (Fig. 1), thus having little influence on salinity over the oyster areas (private
leases, reefs, and public seed grounds). Under the small-scale diversion (142 m* s™), the
estuary-wide mean annual salinity over the oyster areas was slightly reduced to 9.6 ppt
from ~11.7 ppt. Indeed, existing CFD diversions (normally < 200 m® s, classified as
small-scale diversions) were found to have minimal impact on water quality including
salinity, TSS and Chl-a in the oyster areas (Lane et al., 2007; Snedden et al., 2007), and
no changes in spatial patterns of oyster production were found to relate to river inflow
through CFD (Sable and Villarrubia, 2011).

4.3. Diversion impacts under relative sea-level rise

Rising sea level rates alone (low, high) and with the two diversions showed reduction
of estuary-wide growth rate and production (Table 3) due mainly to a decreased salinity
in the middle and lower estuary. Compared to the baseline condition, salinities in most
areas of BSE were found to decrease under RSLR (Wang et al., 2016), which is opposite
to the expectation of salinity increase with salt water intrusion under RSLR (e.g., Huang
et al., 2015). However, previous studies using long-term monitoring data also showed
that inflow from the lower MR (via overbank flooding) plays a more important role than
tide on estuary salinity (e.g., La Peyre et al., 2016). Raising sea level could possibly be

increasing the MR stage (Driessen and Ledden, 2013), result in higher inflow into the
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areas over the oyster reefs and public seed grounds via increased MR overbank flow,
thereby reducing salinities in the middle and lower estuary. In contrast, in the areas with
salinities < 5 ppt, near CFD and lower MR (e.g., near Empire), salinity could increase as
high as 11.7 ppt under high RSLR (Wang et al., 2016), turning salinity from unsuitable to
suitable for oyster growth. Changes in the spatial patterns of other water quality
parameters due to rising sea level also contributed to changes in spatial patterns of oyster
growth and production in BSE. Increases in TSS due to RSLR indicate increased
sedimentation, which affect oyster recruitment and growth (e.g., Hofmann et al., 1994).
Increased sedimentation and potential with high TSS due to re-suspension can result in
not only reduced food filtration but also loss of available substrate for spat settlement
(Solomon et al. 2014).

4.4. Coastal management implication

Results of this and previous studies (e.g., La Peyre et al., 2013; Soniat et al., 2013)
related to freshwater and sediment diversions pose a great challenge to coastal restoration
and resource management using Mississippi River diversions. On one hand, the
mitigation of coastal wetland loss requires large-scale river diversions (>1,416 m®s™) to
deliver a large amount of sediment to the sediment-starved hydrologic basins for building
wetlands (filling the subaqueous portion before aerial expression) and vertical accretion
to keep pace with RSLR (Allison and Meselhe, 2010; Day et al., 2013; Wang et al.,
2014). Wang et al. (2014) determined that the large-scale diversion of 7,080 m®s™ in
BSE could produce the maximum basin-wide vertical accretion and elevation gain
whereas the small-scale diversion of 142 m® s only slightly increases vertical accretion
thus having little contribution to wetland stability in the face of RSLR. On the other hand,
large-scale sediment diversions will also cause a substantial amount of freshwater inflow
to wetlands and downstream estuaries leading to dramatic changes in water quality
(Wang et al., 2016) that in turn could negatively impact recruitment, growth and survival
of fishery species as demonstrated by this study and other studies (e.g., La Peyre et al.,
2013; Soniat et al., 2013). The ideal discharge rates for coastal wetland restoration versus

management of oyster and other fishery species appear to be incompatible, and
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unfortunately, damages to oyster fishery by large-scale diversions for restoring coastal
wetlands seem inevitable.

There are three critical considerations for ecosystem-based application of river
diversions as a coastal restoration technique based on the simulation results of this study.
Firstly, a comprehensive assessment of diversions with multiple goals of ecosystem
benefits is needed for design and implication of large-scale freshwater and sediment
diversions. The goals of diversions for improving water quality and habitat suitability of
fishery species should be given adequate priority weights. Other impacts of river
diversions on ecosystem services such as carbon sequestration and nitrogen
denitrification and other biogeochemical cycles should also be included in the assessment
of the multiple diversion goals (DeLaune and White, 2012; Rivera-Monroy et al., 2013).

Secondly, diversions should be managed to maximize the sediment supply, delivery
and deposition onto the receiving wetlands while minimizing the damage to water quality
and fishery production. For example, new techniques of capturing sediment as much as
possible from diversions along the river bank or obtaining the maximum sediment/water
ratio from river diversion structure (e.g., Meselhe et al., 2012; Meselhe et al., 2016)
should be applied. Indeed, diversions could be operated to release large amounts of water
and sediment in spring time when temperature is low to prevent high oyster mortality
(Day et al., 2009; La Peyre et al., 2009, 2010; La Peyre et al., 2013

Thirdly, if restoring wetlands (land-building and vertical accretion) has to be the first
priority of river diversions, then tremendous efforts have to be taken to relocate public
seed grounds and private leases far away from BSE to the Gulf of Mexico. Some new
oyster farming techniques have to be explored and applied. For example, off-bottom
oyster farming allows oysters to grow in cages that are kept above seafloor and placed in
food-rich waters for faster growth and increased survival by providing protection from
predators and sediment burial (Walton et al., 2013; Leonhardt et al., 2017 ).

4.5. Future research for model improvements

The movement of larvae among grid cells is not simulated in the study. Larval growth

and mortality during the planktonic larval phase are critical for oyster population
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dynamics (e.g., Dekshenieks et al., 2000). Inclusion of a larval model in the coupled
hydrodynamics and oyster model is needed for Louisiana oyster model improvement.

In this study, we used a mortality model (Eg. 2) for all three size classes of oysters. It
was found that mortality varies with different sizes of oysters and young oysters tend to
have a higher mortality due to predation, but a low mortality caused by low salinity from
freshwater inflow (e.g., La Peyre et al., 2013; Rybovich et al., 2016). In addition, zero
mortality in early spring (e.g., March and April) was assumed in this study, but climate
change and coastal restoration may lead to large MR diversion during early spring
resulting in high oyster mortalities during that time period. However, limited field and
laboratory data on mortalities of different size classes prevent the establishment of size-
varying mortalities as a function of multiple environmental factors. Therefore, further
studies on mortality by size classes, by season, and by other physical factors should be
explored. Furthermore, more data on the biomass measurements on oysters of all three
size classes collected from sites well-distributed across BSE and over time are needed in
order to increase the power of the length-biomass relationship.

Sensitivity analyses indicate that assimilation efficiency, maximum reproduction
efficiency, population density on food reduction, and velocity on food reduction
threshold are major model parameters that greatly determine model performance. In this
study, best estimates of these parameters came from calibration. Further field studies are
needed in order to not only reduce the model uncertainty, but also help to understand the
mechanisms (internal and external controlling factors) of oyster growth, respiration, and
reproduction in BSE.

Additionally, bottom substrates of oyster reefs, whether made of hard oyster shell or of
alternative materials such as limestone play an important role on larval settlement,
recruitment, growth and survival of juvenile and adult oysters (e.g., Soniat et al., 2013;
La Peyre et al., 2014), but were not incorporated in this study, therefore, influences of the
quality of reef substrates should be taken into account in prediction of future oyster

population dynamics especially under various restoration activities.

5. Conclusion
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A process-based spatially explicit hydrodynamic-water quality-oyster population
coupled modeling system has been developed and was used to examine the impacts of
Mississippi River diversions and relative sea-level rise on oyster growth rate and
production in Breton Sound Estuary, Louisiana, the home to several of the largest public
oyster seed grounds and private leases for the Gulf coast. Essentially, a large-scale river
diversion would make the estuary non-productive (< 200 g AFDW m yr), through a
significant lowering of salinity, increase of TSS, and decrease in Chl—a. In contrast, a
small-scale diversion would have less effect on oyster growth and production within
BSE, and suggests the growth rate and production in the middle and lower estuary can be
minimally impacted. RSLR was only found to be relevant under the small diversion;
however results were counterintuitive, with RSLR decreasing salinity, likely through
impacts on MR inflow increases from SLR impacts on MR stages. Model sensitivity
analysis suggests that parameters representing population intrinsic traits dominate model
performance, but parameters reflecting the physical conditions such as current velocity
are also critical in controlling oyster growth especially for seed oysters. It is a great
challenge to coastal managers to use river diversions for simultaneously restoring
wetlands and sustaining oyster production. A comprehensive assessment of diversions
with multiple goals of ecosystem benefits is needed for design and implication of future
large-scale sediment diversions. River diversions should be managed to maximize the
sediment supply, delivery and deposition onto the receiving wetlands while minimizing

the damage to water quality and fishery production.
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Appendix A. The oyster population model

The oyster model is based on a standard energy flow equation in which net production
(NPy) is calculated from the difference between assimilation (A;) and respiration (R;) and
where net production is the sum of somatic (Pg;) and reproductive tissue (P;) production
(Powell et al., 1992; Hofmann et al., 1992, 1994; and Klinck et al., 1992). The governing

equation is

where j is size class. The equation for each oyster size class can be written as

% = Pyj + Pj+ (gain from j — 1) — (loss to j + 1) + (gain fromj + 1) —
(loss from j — 1) — mortality (A.2)

The model permits positive scope for growth, the accumulation of biomass as a result
of ample food supply and favorable environmental conditions as well as negative scope
for growth and the loss of biomass within size classes during the period of unfavorable
environmental conditions.

(1) Feeding and assimilation

10.9670.95

FR =

of (A.3)

where FR is the filtration rate (ml filtered per individual per min); L is the length (cm) ,
obtained from the length-biomass relationship (Eqg. 1), the ash-free dry weight (g); and T
is the temperature in °C.

(2) Filtration rate and salinity

Filtration rate is further modified by salinity:

FR atS >=7.5ppt

FRy={ 522 ar35<5 <75ppt (A. 4)

N

0 atS§S <35ppt
where FRs is salinity modified filtration rate, S is the ambient salinity in ppt.
(3) Filtration rate and turbidity

Salinity-based filtration rate is then modified by turbidity:
FR, = FR,[1- 0.01("’913_(;#)] (A.5)
where t is turbidity (or total particulate content) (g I'™%).
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(4) Population density and flow velocity on food reduction
The effect of oyster density on food availability is determined following Klinck et al.

(1992):

k
f= (k/fo-1)e Td+1

(A.6)
where f is the fractional reduction in food, d is oyster density (cal m™), f; is density on
food reduction factor, obtained from model calibration, k and r represent current velocity
related food reduction factors, if velocity (cm s™) is larger than the threshold on food
reduction, k = 0.31 and r = 1.136x10°°; otherwise, k = 0, r = 1, or no food reduction
assumed given the enhanced food supply with increased flow current velocity up to the
threshold.

(5) Ingestion and assimilation

Oyster food ingestion is the product of food availability and filtration rate.

I =1 —f)FCFR, (A7)
where | is ingestion (g AFDW wk™) and FC is food concentration (mg I™).

where A is assimilation (g AFDW wk™), A is the assimilation efficiency (= 0.75, Table 1).

(6) Respiration

Oyster respiration is a function of temperature and oyster weight:

R = (69.7 + 12.6T)W ®~1 (A.9)
where R is respiration (il O, consumed hr' g AFDW™), W is weight (g AFDW),
obtained from the length-weight relationship (Eq. 1), and b = 0.75.

Salinity effect on respiration is determined by following:

0.007T +2.099 atT < 20°C

= (A. 10)
0.0915T + 1.324 at T = 20 °C
R at$S > 15ppt

R.={ R(1+[E2ED) 4110 <5 < 15ppt (A. 11)

5
RR, at$S <10ppt

where Rr is a ration of respiration at 10 ppt to respiration at 20 ppt, Rs is salinity-
modified respiration.

(7) Reproduction

25



The portion of net production going into reproduction (Py) is given by following:
P, = Ress NP (A. 12)
R, =0.054T - 0.729 (January - June)
R, =0.047T - 0.809 (July - December) (A. 13)

where R is reproduction efficiency, maximum Reg is set to 0.7 (Table 1).
(8) Spawning
Spawning occurs when the cumulative reproductive biomass exceeds 20% of total
biomass. Once spawning occurs, the total reproductive biomass was apportioned into
male and female biomass. The ratio of females to males (frasio) is calculated by:
fratio = 0.021L, — 0.62 (A. 14)
where Lb is shell length in mm. Then, the female portion of reproductive biomass (Py)

can be calculated and converted into eggs spawned by:

1 1
Negg = Pry (ﬁ) (_Wegg) (A.15)
Wogy = 2.14 X 107141, (A. 16)

where Negg, Wegg, and Vegg are the number of oyster egg spawned, egg weight (10° g
AFDW), and egg volume (um?), respectively.

(9) Larval recruitment

Larval life span was set at 18 days and larval to spat survival was set at 1/108,

(10) Mortality

For larvae:

Nrtar= Miar Negg (A.17)
where Nyar is number of larvae recruited per spawn, Myar, is the larval mortality rate (per
spawn) = 80% when temperature: 27.5-32.5 °C, and salinity 10-27.5 ppt, otherwise,
mortality = 100%.

For post-settlement population:

Number of dying per week = My (number of living oysters) (A.18)
where My is the daily mortality rate (wk™), derived from the mean mortality as a

function of annual mean salinity and temperature (Eq. 2).
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The important Caloric conversions used in the model include: 6100 cal g~' dry wt for
Oysters; 5168 cal g~' dry wt for food; and 6133 cal g~ dry wt for oyster eggs.
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Table 1. Parameters used in the oyster population model.

Parameter Value
Assimilation efficiency 0.75
Maximum reproduction efficiency 0.7
Larval to spat survival rate 0.00000001
Larvae mortality 0.8
Fraction of cumulative reproductive biomass to total

biomass for spawning ? 0.2
Velocity on food reduction threshold (cm/s) 10
Population density on food reduction factor 0.155

Note: a, Powell et al., 1992; b, Lenihan et al., 1996; other parameters are obtained via
calibration.



Table 2. Relative Sensitivity Index (RSI) of the BSE oyster model to model parameters.

Parameter

Total

Seed

Sack

Assimilation efficiency

Maximum reproduction efficiency

Larval to spat survival rate

Larvae mortality

Fraction of cumulative reproductive biomass
to total biomass for spawning

Velocity on food reduction threshold (cm/s)

Population density on food reduction factor

-509.74 -381.20 -854.91

61.58

-3.75

15.34

1.39

-10.82

44.32

76.62

-1.96

9.13

2.09

-17.04

3.67

21.37

-8.43

32.11

-0.38

5.82

153.48




Table 3. Descriptive statistics of simulated oyster growth rates and production under
diversion and SLR scenarios in Breton Sound Estuary, Louisiana.

Growth Rate Production
(mg AFDW oyster™ wk™ (g AFDW m?2yr?)

Scenarios Mean Min Max SD Mean Min Max SD
Baseline Year 4.10 330 2258 3.15 303 124 2747 150
Diversion 142 m®s* 3.33 430 1898 2.92 287 117 2096 138
Diversion 7080 m®s* -1.04 695 13.80 259 121 46 1019 100
SLR 0.38m 2.68 -3.82 3135 292 254 116 1292 114
SLR 1.44 m 0.82 508  16.62  3.45 192 77 823 92
SLR0.38 m +
Diversion 142 m®s* 1.90 439 2696 3.13 220 95 1020 107
SLR0.38m +
Diversion 7080 m®s* -1.01 620 1261 2.33 113 60 646 62
SLR1.44m+
Diversion 142 m® s 1.07 487 1661 351 202 83 793 92
SLR1.44 m+

Diversion 7080 m*® s™ -1.77 -6.30 8.66 2.32 108 58 575 44
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Figure 1. Map of modeled oyster areas based on distributions of seed ground, lease lines,
and oyster reefs, and locations of the three oyster stations (Cow Bayou, Bay Gardene, and
Snake Island) for oyster model calibration and validation as well as LDWF and LSU
monitoring stations in Breton Sound Estuary, Louisiana.
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Figure 2. Flow diagram of the relationships among oyster population dynamics and influencing
environmental factors that are built in the coupled hydrodynamic-water quality-oyster model
(Modified from Wang et al., 2008).
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Figure 3. Oyster model calibration results using observed quarterly growth data for seed
and sack oysters (source: LDWF) at Cow Bayou (CB) and Snake Island (SI) and growth
rates during January to September at Bay Gardene (BG) in 2009. The error bars represent
maximum and minimum observed growth rates.
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Figure 4. Oyster model validation results using observed bi-monthly growth data for
seed and sack oysters (source: Eberline, 2012) at Cow Bayou, Bay Gardene, and Snake

Island in 2011.
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Figure 5. The distributions of simulated oyster (a) growth rate (mg AFDW oyster* wk™),
and (b) production (g AFDW m™ yr) in baseline year 2009 in BSE, Louisiana.
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Figure 6. Spatial patterns of simulated oyster growth rates (mg AFDW oyster™* wk™)
unsdeg different Caernarvon diversion and SLR scenarios in BSE, Louisiana. Note: cms =
m’s—.
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Figure 7. Spatial patterns of simulated oyster production (g AFDW m™ yr™) under
different Caernarvon diversion and SLR scenarios in BSE, Louisiana. Note: cms = m®s™.



