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In addition to supporting a harvest, the eastern oyster (Crassostrea virginica) in 

Chesapeake Bay provides ecosystem services such as removing seston, enhancing water clarity 
and creating benthic habitat. Our objective was to create a flexible ecosystem-based decision-
making tool to support oyster restoration and management. This Oyster Restoration Optimization 
model (ORO) incorporates predictions from three-dimensional water quality (NPDZ with oyster 
filtration) and larval transport models; calculates size- and salinity-dependent growth, mortality, 
and fecundity of oysters; and incorporates economic costs of restoration efforts. An optimization 
approach is used to identify the most suitable locations for oyster population restoration that 
maximize one or more benefits such as reduction in seston, increase in light penetration, 
spawning stock enhancement, and harvest, subject to cost constraints and other limitations. The 
iterative solution technique incorporates and estimates uncertainty such as that caused by climate 
variability. Preliminary results indicate that the restoration of oysters in three sub-systems of the 
Chesapeake Bay would maximize different suites of benefits due to interactions between salinity 
gradients, salinity-dependent growth and mortality rates of oysters, the residence time of water in 
the sub-systems, and the relationship between size of oysters and the number of bushels 
harvested. The strengths and constraints of the ORO model as applied to ecosystem-based 
fisheries management are discussed.  
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I. INTRODUCTION 
 

We developed an integrative quantitative tool, the Oyster Restoration Optimization 
(ORO) model, for the practical implementation of an ecosystem approach to fisheries restoration 
and management. “An ecosystem approach to management is management that is adaptive, 
specified geographically, takes into account ecosystem knowledge and uncertainties, considers 
multiple external influences, and strives to balance diverse social objectives” (NOAA 2005). Our 
ORO model links ecosystem characteristics (hydrodynamics, phytoplankton growth, oyster 
filtration, oyster population dynamics) with social objectives (water quality, harvest, spawning 
stock sanctuaries, cost control) in an optimization framework that provides spatially-explicit 
information to support oyster restoration and management decisions in Chesapeake Bay.  

 
    Water circulation patterns and changes in salinity (0 to ~28) from the head of Chesapeake 
Bay to the mouth of the estuary strongly influence the population dynamics of the native eastern 
oyster Crassostrea virginica. Chesapeake Bay is a large (~300 km long), partially mixed estuary 
with a persistent halocline and predominantly two-layer circulation patterns driven primarily by 
river inflow (Pritchard 1952, Wang 1979). River inflow influences salinity distributions, which 
in turn affect the distribution of oysters: adults are generally found in salinities > 5 throughout 
the Chesapeake Bay and tributaries (Kennedy 1991). Salinity influences growth (Shumway 
1996), disease mortality of adults (Calvo et al. 2001) and larval mortality (Davis and Calabrese 
1964). In addition to river flow, the Chesapeake mainstem and tributaries are influenced by tides 
(0.3 – 0.9 m tidal amplitude, Schubel and Pritchard 1987, Zhong and Li 2006) and by winds that 
act both locally and remotely (Boicourt 1992, Zhong et al. submitted). These circulation patterns 
alter the residence time of water in sub-estuaries (North et al. in prep) and the transport and 
dispersal of oyster larvae (North et al. in review).  

 
Restoration of C. virginica oyster populations in Chesapeake Bay is a high priority goal 

of regional scientific and management communities (Chesapeake 2000 Agreement, http://www. 
chesapeakebay.net/agreement.htm). Potential benefits include support of a revived commercial 
fishery, improved water quality through oyster filtration (Newell et al. 2005), and enhanced 
benthic fauna and fish habitat through reef restoration (Harding and Mann 2001, Rodney and 
Paynter 2006). Efforts to restore C. virginica are on-going in Chesapeake Bay. Although Bay-
wide oyster populations are not flourishing and disease-related mortality rates are still high in 
some areas (NRC 2004), there has been notable success in oyster longevity and reef 
establishment at some low salinity restoration sites (Rodney and Paynter 2006, Paynter 2001). 
Expansion of the habitat recovery and juvenile oyster production efforts are limited by financial 
and a variety of other resources.  It is desirable that a more quantitative approach be used to 
support decisions regarding allocation of limited resources.  

 
 The objective of our research program was to create a spatially-explicit flexible 
ecosystem-based decision-making tool to inform restoration decisions and to identify the 
tradeoffs associated with these decisions that are related to the ecosystem services of oysters. 
This paper presents a first ‘proof of concept’ model that links physical, biological and economic 
optimization models to provide quantitative information about the ecosystem benefits associated 
with spatial strategies in oyster restoration. We describe here the model formulation and present 
examples of model predictions to demonstrate the utility of this approach. It should be noted that 
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this ‘proof of concept’ model is not yet ready for implementation as a management tool. Rather, 
this describes a path toward a quantitative structure that, with some enhancements, shows 
promise as a useful technique to support an ecosystem-based approach to oyster restoration and 
fishery management.   
 
II. METHODS 
 

The Oyster Restoration Optimization (ORO) model in its current formulation focuses 
specifically on predicting how the enhancement of natural oyster populations with hatchery-
reared juvenile ‘seed’ oysters influences the ecosystem services provided by oysters in specific 
regions. (An alternate formulation, a determination of how reduction in natural oyster 
populations by harvest influences ecosystem services, follows directly from this methodology 
but has not yet been implemented.) The ORO model is a decision support tool that 1) tracks the 
growth and mortality of hatchery-produced oysters planted at different sites, 2) estimates benefits 
(e.g., water quality, harvest, spawning stock production), and 3) determines the optimum 
locations to plant oysters that maximize desired benefits given current constraints. It incorporates 
predictions from three-dimensional hydrodynamic, water quality (NPDZ with oyster filtration) 
and larval transport models, calculates size- and salinity-dependent growth, mortality, and 
fecundity of oysters, and incorporates economic costs of restoration efforts. An optimization 
approach is used to identify the most suitable locations for oyster population restoration that 
maximize a weighted sum of potential benefits. The iterative solution technique provided by 
Palisade’s RISKOptimizer program (http://www.palisade.com/riskoptimizer/default.asp), an 
Excel add-on, allows the incorporation and estimation of uncertainty associated with climate 
variability and biological variables. We describe the overall ORO model structure and the 
optimization solution technique, and illustrate how they can be used to identify tradeoffs 
associated with oyster restoration decisions. 

 
1. Model structure 

Domain. The ORO model incorporates predictions from models with different space and 
time scales. Physical conditions (salinity, temperature) and ecosystem services related to oyster 
filtration and spawning stock production are predicted with hydrodynamic, water quality, and 
larval transport models that have domains that span the entire Chesapeake Bay (Fig. 1) and have 
time steps on the order of minutes (< 6 min). In specific regions (Fig. 1), the change in 
abundance and size of seed oysters planted in each region are tracked in annual time increments, 
from seed oysters (Yr 0) to 5-yr old adults. Fifteen specific regions that span three salinity zones 
were incorporated into this ‘proof of concept’ version of the model.  

 
Control Variable. The ORO model optimizes the number of seed oysters planted in each 

region. Because restoration managers use a constant target ‘planting density’ of 300 seed oysters 
m-2 and specify their goals in terms of acres planted, the ORO model expresses the control 
variable (the variable to be adjusted and optimized) as the number of acres planted (A), which is 
related to number of seed oysters planted (N) by:   

 
(equation 1) 
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It should be noted that, while model calculations were conducted in metric units, all input and 
output quantities are expressed in units most commonly used in oyster restoration and 
management efforts within the Chesapeake region (e.g., acres of habitat, bushels of oysters). 

 
Benefits. Most ecosystem benefits of oysters in each region are characterized using 

measures (e.g., seston reduction, increased sub-surface irradiance, spawning stock production) 
that are known to be leading indicators of ecosystem benefits (e.g., water quality, increased 
production of seagrass, oyster population increase). Harvest is the only model output that is 
assumed to be a direct benefit measure.  All benefit measures are based on the number and size 
of oysters in each region during each year after planting, and are calculated by incorporating 
physical and biological characteristics of the planting region. Year- and region-specific benefits 
are summed to determine the total cumulative benefit (B):  

 
(equation 2) 

 
where b = benefit, i = region, and y = year. The following benefits were calculated in ORO: 

• Rlocal = Seston reduction in the region (mg l-l) 
• Rremote = Seston reduction near the mainstem Bay (mg l-l) 
• L = Increased sub-surface irradiance in the region at 2 m depth, a critical depth for 

seagrass growth (watt m2) 
• S =  spawning stock production (number of larvae produced that survive to spawn) 
• H = Harvest (number of bushels, the volumetric quantity of trade in the commercial 

fishery, roughly 0.046 m3) 
Although not included in this version of the ORO model, the benefit of enhanced secondary 
production related to reef community formation and associated increase in biomass of 
piscivorous fish (i.e., recreational fisheries) is under development.  
  

All benefits calculated in the ORO model rely on predictions from a hydrodynamic 
model (for salinity and temperature) and a juvenile/adult demographic model (for size and 
abundance of planted oysters). Changes in seston concentrations (Rlocal, Rremote) and consequent 
subsurface irradiance (L) induced by oyster filtration are calculated with a coupled 
hydrodynamic-water quality model with an oyster filtration and biodeposition sub-model. The 
benefit of spawning stock production (S) is calculated using information from the demographic 
model, fecundity estimates, and a larval transport model. The harvest benefit (H) is calculated as 
a simple proportion of the abundance of planted oysters once their average size is greater than 
the legal minimum length. 

 
Constraints. The ORO model predicts the optimum spatial allocation of seed oysters that 

maximizes a weighted sum of benefits subject to a set of specific constraints. The major 
constraints that are used in the model are 1) the maximum number of seed oysters cannot exceed 
hatchery-raised seed oyster production capacities, and 2) the costs of restoration (e.g., seed 
oysters, site preparation and transport costs) cannot exceed the funds available. In addition, the 
model solution is constrained by the amount of available oyster habitat in each region. Model 
solutions that violate these constraints are rejected. The model then searches the range of feasible 
model solutions for those that maximize the weighted sum of benefits. 
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2. Optimization solution technique 
The ORO model can be used to maximize a single benefit or to maximize a group of 

benefits. The solution technique involves maximizing the mean of the predicted Total Benefits 
(TB), where: 

 

 
and w = weighting factors (subscripts are defined as in equation 2). In the case of maximizing a 
single benefit, w = a/M where a is a user-defined selectivity parameter (a = 1 for the benefit of 
choice and a = 0 for the remaining benefits), and M is an estimate of the maximum possible 
benefit that could result if all available habitat was planted. M converts the benefit to a unitless 
quantity and reduces the orders-of-magnitude difference between benefits (e.g., 0.96 mg l-1 
seston reduction vs 3 x 107 offspring produced). When maximizing a combination of benefits, 
then w = ac/W. In this case, a is set to the appropriate proportion (e.g., for equal weighting, a = 
0.2 for all benefits) and a scaling factor (c) is used to ensure that the benefits are additive. The 
scaling factors are estimated with model runs that maximize each individual benefit separately 
and is calculated as ck = TBmax/TBk where TBmax is the highest TB from all runs, and TBk is the 
TB for each individual benefit k.  

 
An optimization approach is used to identify the most suitable locations for seed oyster 

placement that maximize one or more benefits. The iterative solution technique is provided by 
Palisade’s RISKOptimizer program using the ‘budget’ solving method. For each ORO model 
run, simulations are conducted until convergence criteria are met (solution changes less than 
0.01% in last 100 simulations). For each simulation, the benefits related to a certain spatial 
allocation of planted oysters are calculated. Within each simulation, 100 iterations of the model 
are calculated with salinity and mortality rates that vary based on random numbers drawn from a 
normal distribution. This iterative solution technique incorporates and estimates uncertainty 
caused by climate variability and mortality rates. For each simulation, all iterations that do not 
meet constraints are excluded and the mean Total Benefit (TB) score and standard deviation of 
acceptable iterations is calculated. Multiple simulations are conducted with an optimization 
algorithm (a genetic algorithm with mutation rate = 0.7 and crossover rate = 0.2) to restrict the 
parameter space that is searched (i.e., a limited combination of acres planted is tested by the 
model). The model conducts hundreds of simulations until the convergence criteria are met and 
keeps track of mean Total Benefit and its standard deviation for all possible solutions. The 
solution with the highest mean Total Benefit contains the optimum spatial allocation of seed 
oysters and an estimate of the associated benefits that could accrue. The solution differs from run 
to run depending on the weights that are assigned to various benefit measures. Solutions can 
differ markedly when the model is optimized for only one benefit measure. These differences 
provide a quantitative basis for assessing tradeoffs related to restoration goals and the strategies 
needed to achieve them.  
 
III. EXAMPLE PREDICTIONS 
 

To explore the behavior and capabilities of the model, model runs were conducted with 
four of the five benefits optimized individually (w = 1 for the benefit of choice and w = 0 for all 
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other benefits). Coefficients of Variation of Total Benefits from model runs indicated greatest 
variability in model predictions related to spawning stock production (Rlocal = 17.0%, Rremote = 
5.3%, S = 78.4%, H = 21.0%). The variability in spawning stock production calculations likely is 
related to the salinity-dependent larval and adult mortality rates and suggests that climate 
variability will have a bigger impact on this benefit than on the other benefits of oyster 
restoration.  

 
The ORO model predicts that the optimum spatial allocation of acres of seed oysters 

would differ depending upon the benefit that is maximized (Fig. 2). Although all model solutions 
allocate oysters in multiple regions and multiple systems, the Choptank River system is predicted 
to be the optimum location to plant oysters in order to maximize seston reduction (local and 
remote) and spawning stock production. The water residence time and oyster filtration capacity 
in the Choptank River are high (North et al. in prep) and likely contribute to the ability of 
planted oysters to reduce seston concentrations compared to the other systems. Also, spawning 
production likely is maximized in the Choptank because salinities in this region provide a 
balance between adult disease mortality (highest in salinities > 15) and larval salinity-dependent 
mortality (which is 100% at salinities < 12 based on Lough 1975). In comparison with the 
Choptank River, the Chester River is the optimum place for maximizing harvest, most likely due 
to low salinities in this region that result in low mortality of adults due to diseases. Although 
growth is slower in these low salinity waters, the low disease mortality allows more oysters to 
grow to a larger size and the nonlinear relationship between size of oysters and number of 
oysters in a bushel results in enhanced harvest.  

 
The ORO model provides quantitative information about the trade-offs associated with 

maximizing individual benefits (Fig. 3). For example, all optimization configurations result in 
harvest of >20,000 bushels, but optimizing for harvest is predicted to result in >13,000 more 
bushels harvested than the other configurations (Fig. 3D). Some model configurations do not 
result in benefits that are substantially different from the configuration designed to optimize that 
single benefit. For example, when local reduction in seston is optimized, spawning stock 
production is nearly the same as when spawning stock production is optimized (Fig. 3C). In 
contrast, some optimization configurations result in notably lower benefits than the configuration 
designed to optimize that benefit alone (compare ‘Spawn’ and “Harvest’ with other model 
configurations in Fig. 8A,B,C). The difference between optimizing for harvest and for spawning 
stock production benefits is notable: optimizing for harvest results in a large reduction in the 
number of offspring produced compared to other optimization configurations (Fig. 3C).   
 
 Additional model runs (not presented here) with different starting spatial arrangements of 
seed oysters indicate that model results are sensitive to initial conditions. The same model 
configuration with different initial conditions result in different spatial allocations of seed oysters 
within each system (Chester, Choptank, Tangier). In addition, the model predictions show a 
strong dependency on the maximum amount of seed oysters initially allocated to any one region 
in the model.  
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IV. DISCUSSION 
 
 The ‘proof of concept’ Oyster Restoration Optimization model demonstrates that  
ecosystem characteristics (hydrodynamics, phytoplankton growth, oyster filtration, oyster 
population dynamics) and social objectives (water quality, harvest, spawning stock sanctuaries, 
economic considerations) can be linked in an optimization framework that deals explicitly with 
risks, employs measures of costs and several categories of benefits, and provides spatially-
explicit information to support oyster restoration and management decisions in Chesapeake Bay. 
The model incorporates environmental variability and provides information about where to place 
seed oysters in order to maximize a given benefit or group of benefits. In addition, it provides a 
quantitative estimate of the consequences of restoration decisions by calculating the benefits 
associated with different spatial arrangements of seed oysters. Importantly, it provides 
quantitative predictions (such as size-specific abundance on planted bars and bushels of oysters 
harvested) in specific regions that could be validated with field observations. 
 
 Although the ORO model has promise to be a useful tool to support oyster restoration 
efforts in Chesapeake Bay, its current implementation has restrictive limitations. The resolution 
of the hydrodynamic and water quality models likely are too low to capture important 
hydrodynamic features in the Chesapeake sub-tributaries that could have a strong influence on 
water residence time and the oyster filtration capacity. In addition, the modeled larval salinity-
dependent mortality rate (Lough 1975) was based on mortality experiments with Long Island 
Sound oysters acclimated to higher salinities than those found in the regions of this model (Davis 
and Calabrese 1964). Because it is likely that larvae produced by oysters in lower salinity waters 
in Chesapeake Bay are more tolerant of lower salinities (Davis 1958, Donald Merritt pers. 
comm.), the apparent conflict between optimizing spawning stock and harvest benefits could be 
exaggerated in the current ORO model predictions.  
 

The next steps for ORO model enhancement include implementing it with higher 
resolution hydrodynamic and water quality models, adding salinity-dependent larval mortality 
rates for Chesapeake oysters (laboratory experiments are needed), transferring the model into a 
compiled computer language (e.g., C++ or Fortran) to allow more modeling flexibility, and 
conducting model-data validation studies of the juvenile/adult demographic model.  The preset 
risk-based algorithms, spreadsheet format, and embedded graphics makes Paliside Corporation's 
RISKOptimizer an excellent software package for the initial development of this complex and 
integrated model. However, because the integrated biophysical models are more complex than 
those usually employed with this software, the speed of the model runs in RISKOptimizer (0.75 
– 5 hrs for one run) would be restrictive for restoration scenarios that incorporate the higher 
resolution numerical models and additional regions (>100) that are needed to support on-the-
ground restoration decisions. In addition, we found the sensitivity of RISKOptimizer solutions to 
initial conditions limited our confidence that the model was converging on globally optimal 
solutions. At this time, therefore, we believe the need for speed and a more complete parameter 
search space would be better met by transferring the model to a compiled program language. 

 
 Although the ORO model is in the early stages of development, and is specifically 
designed for restoration of oysters in Chesapeake Bay, the framework is transferable to other 
systems and can be adapted to support other aspects of ecosystem-based fisheries management. 
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For oysters, ecosystem consequences of fisheries management decisions could be assessed by 
changing fishing mortality or the minimum legal size of harvested oysters within ORO. Also, the 
model could be implemented to predict how ecosystem benefits are affected by both increasing 
and decreasing present-day abundances of oysters through restoration and harvest. This would 
allow a better understanding of how spatial differences in fishing mortality influence the 
ecosystem benefits of oysters. The optimization modeling framework could also be applied to 
high-biomass filter-feeding finfish that may influence ecosystem dynamics, although fish 
migrations make model implementation a more challenging, but not insurmountable, task.  In 
any of these applications, the model could be expanded to assess the cost, risks, and potential 
benefits of achieving specific population abundance goals by either increasing restoration 
spending, or by placing more restrictions on harvesting, or both. 
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Fig. 1. Location (Chesapeake Bay) and domain of Oyster Restoration Optimization 
(ORO) model. Chesapeake Bay hydrodynamic and water quality model grid points are 
indicated by small back circles. Red circles in Tangier Sound and Chester and Choptank 
Rivers represent regions where the model predicts the influence of enhanced oyster 
abundances, as do the red boxes in the representation of the model grid cells in the 
Choptank River (blue box). The ORO model calculates the benefits of enhanced oyster 
populations in each region and uses an optimization procedure to maximize a certain 
benefit or combination of benefits.  
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Fig. 2. Example predictions from ORO model runs that maximize a single benefit or all benefits 
weighted equally. The optimum spatial allocation of acres of seed oysters (x axis) is indicated for 
each region (y axis) for each model run (indicated in the upper right of each panel). Bars are 
color coded according to region (orange = Chester River, blue = Tangier Sounds, green = 
Choptank River). 
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Fig. 3. Predicted A) local seston reduction, B) remote seston reduction, C) spawning stock 
production, and D) harvest that would accrue given optimization choices of maximizing 
individual benefits: R(local) = Seston reduction in the region; R(remote) = Seston reduction near 
the mainstem Bay; Spawning = spawning stock production (number of offspring produced); and 
Harvest = number of bushels harvested.  
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A. Reduction of seston in region
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B. Reduction of seston near mainstem
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C. Spawning stock production
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D. Harvest


