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Executive Summary 
Abstract— The water quality in the West and 

Rhode Rivers (WRR), two mezohaline sub-

estuaries of the Chesapeake Bay, has declined due 

to local runoff of excess nutrients and total 

suspended solids (TSS) entering from the 

Chesapeake Bay. Previous research identified the 

feasibility of using large colonies of bi-valves (e.g. 

oysters or clams) in the river to remove the excess 

nutrients. Based on this research, an experiment 

conducted by the Smithsonian Environmental 

Research Center failed to establish a colony of 

clams due to naturally arising variability in 

salinity levels. Unlike clams, oysters are resilient 

to variations in naturally occurring environmental 

conditions, however, due to a lack of frequent 

reproduction by the oysters they are unable to 

build and sustain a viable oyster colony with 

critical mass. The goal of this paper is to evaluate 

the feasibility of a self-sustaining oyster colony, by 

harvesting a portion of the colony to fund the 

purchase of additional oyster.  

Design alternatives were evaluated for growing 

the colony((i) Remote Setting aquaculture, (ii) 

Nursery aquaculture, and (iii) Spat-on-shell 

aquaculture), and for distribution of the oyster 

product (shucked, half-shell). Three models were 

used to evaluate these design alternatives; (1) an 

oyster growth model to simulate the growth rate 

and survivability of oysters using stochastic 

environmental variables, (2) a 2D Tidal Mixing 

Model (2DTMM) to simulate the dynamic flow of 

nutrients and sediment within the WRR, and (3) a 

financial model to simulate the sustainability of an 

oyster aquaculture business with deterministic 

prices and demand.  

An analysis of cost versus utility (sustainability, 

public approval) shows that a 10 million remote 

setting aquaculture system sold at half shell would 

be the most cost-effective and sustainable 

alternative. 

Introduction 

THE West and Rhode rivers are two sub-estuaries of 

the Chesapeake Bay which contain 26 million cubic 

meters of water. The watershed covers 78 square 

kilometers and has an average depth of 2 meters. 

Fresh water flows into the Chesapeake Bay from the 

Susquehanna River and is mixed with salt water 

flowing up from the Atlantic, causing constant 

fluctuations in the salinity of the water. 

Excess sediment and nutrients, which mostly flow 

into the sub-estuaries with the tide, as well as run-off 

sediments from the land, have over time increased 

turbidity which has caused a decrease in the secchi 

depth of the rivers. Secchi depth is the measure of the 

clarity of water. As a result, sub aquatic vegetation 

(SAV) are not receiving proper sunlight and oxygen 

to sustain life. In 2010, no under-water grasses were 

found in the rivers from samples taken[1]. 

 A study in turbidity reduction in 2011, 

determined the best ways to filter the water and 

increase the secchi depth. The proposed solutions 

were clams, oysters, and living shoreline restoration 

with clams as the recommended solution due to 

continued filtering in cold temperatures and the 

ability to reproduce in the fall and spring. Oysters 

were ranked second due to low filtering in cold 

temperatures, low probability of reproducing, and 

high costs to place oysters on river bottom. Living 

Shoreline Restoration was significantly below the 

two filter feeders in reduction of turbidity [1]. 

 Based on the recommendations the 

Smithsonian Environmental Research Center 

implemented a pilot project in the summer of 2011. 

All of the clams died due to low salinity in the rivers. 

However, oysters in the same river in an unrelated 

study did not die under the same conditions in the 

summer [12].  

 Unlike clams, oysters are known to be more 

resilient to varied and low salinity changes. Oysters 

in the Chesapeake Bay are at 1% of historic levels 

since the 1860’s due to overharvesting and most 

recently disease which has also contributed to the low 

probability of the reproduction of oysters. To 

mitigate these problems private aquaculture business 

are used to protect property rights and to grow 

oysters yearly through aquaculture methods [2].  
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Stakeholder Analysis 

West Rhode Riverkeeper Inc. 

 West/Rhode Riverkeeper Inc. is a non-profit 

organization established in 2005 with the mission to 

reduce pollution, enforce environmental laws, and 

promote restoration in the West and Rhode rivers. 

The organization is funded through grants and the 

community through fundraisers and donations. 

Maryland Watermen 

The local Maryland Watermen are citizens who 

make a living from fishing/harvesting fish, crab, and 

oysters from the Chesapeake Bay and its tributaries. 

Once a prosperous industry, currently Maryland has 

seen a decline in working watermen due to 

overharvesting and environmental changes. As 

excess nutrients and sediment runoff into the 

Chesapeake Bay, aquatic species have been affected 

by the ecological decline in sub aquatic vegetation. In 

response to this change, watermen require new 

methods to continue earning an income from the 

Chesapeake Bay. 

Maryland Department of Natural Resources 

The Maryland Department of Natural Resources 

(MDDNR) governs the Chesapeake Bay and its 

tributaries, as well as manages the coastal regions. In 

addition to regulating the use of the waters, the 

MDDNR also promotes and supports the aquaculture 

enterprise. Through providing leases and loans for 

local watermen, the MDDNR plays an active role in 

sustaining the profitability of aquatic harvesting in 

Maryland. The objective of the MDDNR is to 

regulate Chesapeake waterways, as well as support 

the aquaculture industry. 

Watershed Residents 

The residents surrounding the West and Rhode 

Rivers support the restoration and protection of the 

water; however, they also contribute excess runoff 

through yard and storm water drainage. Construction 

sites, fuel stations, and boating communities also 

contribute to this nutrient runoff and sediment 

erosion. With the creation of the West/Rhode 

Riverkeeper Inc. these negative impacts have been 

measured and solutions to reducing environmental 

impact have been publicized over the past decade. 

Stakeholder Tensions 

The W/R Riverkeeper Inc. and the MDDNR have 

limited resources and funding with which to 

implement sustainable projects to clean the river and 

improve the water quality. The Watermen have little 

incentive to clean the rivers because there is no 

financial benefit to doing so. The local residents 

continue to use the waterways and contribute to 

pollution, but also have little incentive to fund or 

work to clean the river.  

Oyster aquaculture is a way to merge the needs and 

objectives of the stakeholders and create a win-win 

solution financially and for the environment. 

Introducing oysters into the river will help remove 

excess nutrients. Implementing the oysters through 

aquaculture provides a way for watermen to make 

money from the process and creates an incentive to 

protect the oysters and keep them alive. Oyster 

aquaculture overcomes the limited resources and 

budget of the W/R Riverkeeper Inc. and the MDDNR 

while helping the Watermen with employment and 

income.  

Statement of Need 

There is a need for an oyster aquaculture system in 

the West and Rhode River to reduce nitrogen and 

sediment and to be financially sustaining, with a 

positive return on investment within 5 years.  

 

Fig. 1.  Secchi Depth of Rhode River (1984-2011) has 

steadily decreased and the max values have started 

peaking at lower values than historic values.   
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Design Alternatives 

Due to the reduced filtering which occurs for 

bottom feeding oysters, a vertical cage system will be 

used in order to maximize filtration. The cage system 

will be based on a previous study and allow for 

optimal oyster filtration rates [16].  

 

Method of Grow-Out 

The first alternative, remote setting, is a land based 

operation requiring large tanks (size can vary but we 

assume 3,000 gallon tanks for this study) with cages 

to hold the shell to which the oysters will attach. The 

process takes approximately ten days before the 

oyster can be placed in the river [10]. 

 The second alternative, nursery, requires 

bucket and floating upwelling systems for initial 

growth. The seed is placed in the buckets with micro-

cultch or crushed shell. The seed each attach to attach 

to a piece of cultch. The process requires 

approximately twenty-one days until the oysters are 

ready to be placed in the river [13]. 

 The third alternative, spat-on-shell, comes 

from the hatchery and are ready to immediately be 

placed in the river. 

Method of Sale 

In addition to the method of grow-out alternatives, 

oysters can be sold as a half-shelled or shucked 

oyster.  

The first sale alternative, half-shell oyster, 

typically sells between 0.60 to 0.70 dollars per oyster. 

Half-shell oysters can be sold to restaurants to be 

served. Depending on quality and packaging the 

oysters can also be sold in a range of prices up to 

1.50 dollars.  

The second sale alternative, shucked oyster, has 

the meat of the oyster removed from the shell. The 

price is typically much lower around 0.06 to 0.20 

dollars.  

Method of Analysis 

The method of analysis (shown in Fig. 3) includes 

evaluating the growth and survivability of the three 

design alternatives for harvesting the oysters in the 

growth model, then evaluating the amount of 

nutrients and sediment filtered with the GMU Two 

Dimensional Tidal Mixing Model (2DTMM) [1] 

while evaluating the financial feasibility in the 

business model. Next the design alternatives are 

evaluated by using a utility function, and finally the 

utility is compared to cost. 

 
Growth Model 

A mass-balance model was used to calculate the 

change in oyster growth over time. Oyster biomass is 

based on grams of organic carbon incorporated in 

soft tissue per unit area using (1). The change is 

computed using the oyster biometric variables, shown 

below and determined based on similar studies on 

oyster growth rate in the Chesapeake Bay [9]. 

 

 

Fig. 2. Vertical Cage Design – The cages will be anchored to the river 

bottom with deadweight anchors and lifted with trawl floats.  The 

cages will consist of triple stacked trays capable of holding 3000 
market size oysters. 

 

Fig. 3.  Method of Analysis – The input for the simulation is the 

number of oysters. The growth model outputs the number of oysters 

into the 2DTMM to estimate the amount of nutrients and sediment 

removed.  It also outputs to the business model to then calculate the 
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)())1((   BMORFIFPOCFrO
dt

dO

(1) 

For the growth model’s time (t) variable, time 

steps are calculated in days. The oyster growth rate 

will be subject to the environmental variables (T) 

temperature, (DO) dissolved oxygen, (S) salinity, 

(TSS) total suspended solids, and (POC) particulate 

organic carbon (g m
3
). The mortality rate is assumed 

to only take into account mortality from hypoxic 

conditions and predation, as disease will not affect 

our design since we will be harvesting oysters for 

profit at a span of 3-5 years from spat [13]. Due to 

the stratification of the environmental variables (such 

as temperature, DO, salinity, and TSS), the growth 

model will be assumed to have evenly mixed values 

throughout the total depth of the water column. This 

assumption is based on water quality data taken while 

out on the West and Rhode Rivers at two separate 

dates in order to avoid correlated data. 

 

max)()()()( FrTfTSSfDOfSfFr  (2) 

 

The filtration rate of the oysters is determined 

through the oyster’s dependence on the water 

temperature, total suspended solids, salinity, and 

dissolved oxygen in the water (shown in (2)). These 

relationships, shown in (3) – (6), are multiplied by 

the oyster’s max filtration rate, known to be 0.55 m
3
 

g
-1

 d
-1

[4]. Due to the oyster’s sensitivity to variations 

in these variables, the growth model is run using 

stochastic environmental variables representing the 

West and Rhode Rivers calculated from MDDNR 

water quality data taken over the past 26 years [14]. 

 

f (S) = 0.5× (1+ tanh(S- 7.5))
  

(3) 

  

f (DO)= 1+ exp 3.67× 1.0 -DO( )( )( )
-1

  (4) 

f (TSS) =

0.1 when TSS < 5 g m-3

1.0 when 5 g m-3 < TSS < 25 g m-3

0.2 when 25 g m-3 < TSS < 100 g m-3

0.1 when TSS > 100 g m-3

ì

í

ï
ïï

î

ï
ï
ï

 

 (5) 

f(WT) = exp(-0.015 × (T-27)2)                       (6) 

 

The growth model was run for a period of 10,000 

iterations, and then evaluated at a confidence interval 

of 95% to determine the probability of an oyster 

reaching market size within the West and Rhode 

Rivers within 1-5 years. 

Validation and Verification 

The growth model was validated through 

comparison of the salinity and dissolved oxygen 

random variable output with the average values taken 

monthly from the Rhode River over the past 26 years. 

The random variables were based on a normal 

distribution with associated mean and standard 

deviation for each month of the year. The growth 

model was run a total of 1,000,000 iterations in order 

to ensure statistically significant model values when 

comparing to the data (α = 0.01). Figures 4 and 5 

show the data sets evaluated for dissolved oxygen 

and salinity. The relative error between the model 

and data points was found to be 26.7% for dissolved 

oxygen and 18.2% for salinity. The large error in 

dissolved oxygen can be attributed to the difference 

between watershed DO levels and bay DO levels, as 

the model used data from Horseshoe Point (CB4.1W 

in Fig. 6) for variable generation whereas the 

validation data is taken from the Rhode River station 

(WT8.2 in Fig. 6). 

TABLE 1 

Growth Model Variables 

Symbol 
Description Value 

α Assimilation Rate (0 ≤ x ≤ 1) 0.77 

Fr Filtration Rate (m
3
 g

-1
 C d

-1
) See (2) 

POC Particulate Organic Carbon (mg/L) Ɲ(µ,σ
2
) 

IF Fraction Ingested (0 ≤ x ≤ 1) 0.12 

RF Respiratory Fraction (0 ≤ x ≤ 1) 0.1 

O Oyster Biomass (g C) ln Ɲ(µ,σ
2
) 

BM Basal Metabolic (d
-1

) 0.008 

β Mortality Rate (d
-1

) 0.0026 
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2-D Tidal Mixing Model (2DTMM) 

A two-dimensional tidal mixing model was adapted 

from a previous study [1] to predict the amount of 

nutrients and TSS removed from the WRR by the 

design alternatives, which act as sinks in the model. 

The continuous tide flow process is modeled in 

discrete time steps of 1.5 hours. This duration was 

selected because the 6-hour flood and ebb tides cross 

a series of 4 cells in each river. Note that the 

transitions from cells 7-8 and 7-9 occur 

simultaneously. The nutrient concentrations and sink 

rates in the model are recalculated after each time 

step and at the end of each tide cycle; these variables 

are then stored and used in the next tide cycle 

iteration. These transitions can be seen in the cell 

breakdown shown in Fig. 6; the data points listed 

(WT8.2/CB4.1W) are water quality monitoring 

stations from which nutrient data was measured. The 

selected site location for this study is in cell one. This 

location was selected due to current restrictions in 

aquaculture leases in the West and Rhode Rivers. 

 

Business Model 

The business model is used to calculate the 

financial aspects of the aquaculture business 

including the initial investment, costs, revenues, loan 

payments, and the net present value of the 

investment. The cost of buying the oysters and shell 

is assumed to be funded by a loan taken from the 

MDDNR. The loan is for five years with the first 

three years interest only and 40% forgiveness at the 

start of the fourth year. The initial cost of equipment 

capital will be an upfront investment from the 

watermen or can be a loan taken from a separate 

bank. 

As the growth model runs, the output is used to 

determine costs and revenues in the business model. 

The planting of oysters will be broken up over the 

five years in order to result in revenue yearly after the 

first oysters have initially grown out and been sold. 

For example, if one million oysters are desired, 

200,000 will be planted each season.  

 

Fig. 4. Dissolved Oxygen values calculated for one year versus 
observed values. 

 

Fig 5. Salinity values calculated for one year versus observed values. 

 

 

Fig. 6. 2DTMM Cell Breakdown – The proposed aquaculture site 

would be placed in cell 1.  Tidal flow occurs between each cell as 

labeled on the figure. 
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The oysters are harvested and are assumed to be 

sold the same season they reach market size. The 

oysters that have been sold are also replaced the same 

season in addition to the numbers which are planted 

on a seasonal basis. Table II illustrates the costs for 

each alternative for one year for 200,000 oysters.  

 

 

Results 

Growth Model Results 

The results of the growth model are shown in Fig 

6. The cumulative distribution function shows there 

is a 79% probability of oysters reaching market size 

within three years. Due to the stochastic nature of the 

Rhode River’s salinity and dissolved oxygen levels, 

the risk of no market size oysters within 3 years is 

21%, where there will be no revenue from harvesting 

the oysters. The effect of the growth model can be 

seen in Fig. 9, which is a graph of the average 

expected ROI in the fifth year. 

 
2DTMM Model Results 

The results of the 2DTMM model are shown in 

Fig. 8. The model was first run with an aquaculture 

system of 1 million oysters and the second being an 

aquaculture system of 10 million oysters.  The 

percent amount of TSS removed from the West and 

Rhode Rivers was calculated over the length of 5 

years.  The output indicates up to a 1.66% reduction 

and 10.36% reduction in the Rhode River for a 1 

million and 10 million oyster system, respectively. 

Due to placement of the oysters in cell one, the 

percent reduction was negligible in the West River. 

 
Business Model Results 

The business model shows remote setting, sold as 

half-shell, result in the highest ROI in five years.  All 

of the alternatives sold as half-shell result in a 

positive ROI in five years.  The alternatives sold as 

shucked do not return a positive ROI until run at a 

scale of 500,000 oysters or more.   

The price of shucked oysters would need to 

increase to at least 0.30 dollars to be on a comparable 

level of ROI as the half-shell method.  The ROI for 

remote setting for 0.1 million oysters is 0.90 and 

increases to an upper limit with an ROI of 5.48 at ten 

million oysters.   

TABLE 2 

Cost of Alternatives 

Cost Remote  

Setting 
Nursery Spat-on-

Shell 

Oysters & Shell $516 $3,600 $1,600 

Annual Grow-out Labor  $23,110 $14,300 $0 

Annual Cleaning $720 $1,920 $2,570 

Equipment Capital $23,313 $23,313 $23,313 

Annual Cages & Setup $8,020 $8,020 $8,020 

Total Costs $55,679 $51,153 $35,503 

 

Fig. 7. Cumulative Probability of time for oysters to reach market size 

by three years with a 79% frequency 

Fig. 8. 2DTMM model output. Rhode River levels shown only. 
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Business Model Sensitivity Analysis 

The variables which have the greatest effect on the 

ROI are the selling price of the oysters and the price 

of the vertical cages.  A 30% change in the selling 

price results in an approximately 35% increase or 

decrease in the ROI.  Even with a decrease in selling 

price, the ROI is still positive. A decrease in the cage 

price results in a 27% increase in ROI. 

 
Utility Function 

The three components of the utility are the return 

on investment, availability of shell, and public 

approval. The return on investment accounts for the 

financial aspect of the project. The availability of 

shell is essential because shell is scarce and 

sometimes difficult to obtain. In these years, remote 

setting and spat-on-shell will be most adversely 

affected. The nursery phase is more resilient to 

change as it requires crushed shell and uses much less 

shell. Public approval is essential because all adjacent 

landowners must approve of a project before a permit 

will be awarded.  The nursery phase requires 

equipment visible on the shoreline and remote setting 

uses land based operations, but spat-on-shell require 

no additional equipment besides the floating cages in 

the river. The weights for the utility were determined 

through discussion with aquaculture experts and our 

project sponsor, the West/Rhode Riverkeeper, Inc. 

 

SuPaxU  75.025.0)(   (7) 

SaRoiSu  40.060.0   (8) 

 
 The results from the utility function show 

remote setting sold as half-shell as the best 

alternative.  Remote setting always results in the 

highest ROI over the six alternatives.  However, if 

the weight on public approval drops two percent or 

availability of shell increases five percent the nursery 

option becomes the recommended alternative for all 

costs. If public approval increases to above forty 

percent, the spat-on-shell alternative becomes the 

proposed solution.     

Discussion and Recommendations 

Based on the current analysis of oyster growth in 

the West and Rhode Rivers and business operation 

finances, an oyster aquaculture business is a 

 

Fig. 9. Average ROI in 5 Years for Each Alternative over varied 

amounts of oysters 

 

 

Fig. 10. Average ROI in 5 Years for Remote Setting sold as Half-Shell – 

Baseline year has half-shell sold for 0.60 cents per oyster. All 

variations are done at 30% increase or decrease of the baseline 

price. 

 

 

Fig. 11. Cost vs. Utility Analysis 

 



financially self sustaining operation to help reduce 

the excess nutrients in the Rivers.  An aquaculture 

operation is feasible for all of the alternatives above 

0.5 million oysters.  The amount of total suspended 

solids removed is ten times greater with ten million 

oysters than with one million oysters.   

It is recommended a remote setting stage oyster 

aquaculture system be implemented in the West and 

Rhode Rivers to increase the water quality while 

providing a financially self-sustaining business for 

local watermen if sold as half-shell.  While any 

operation above 0.5 million oysters will increase the 

water quality, ten million oysters will result in the 

largest impact on water quality and highest ROI 

within five years. 
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1. Context 

1.1 West and Rhode River: Water Quality 

The West and Rhode rivers are two sub-estuaries of the Chesapeake Bay which contain 

approximately 53 million cubic meters of water. The watershed covers 78 square kilometers 

and has an average depth of 2 meters. Fresh water flows into the Chesapeake Bay primarily 

from the Susquehanna River and is mixed with salt water flowing up from the Atlantic. The WRR 

sub-estuaries undergo constant fluctuations in the environmental conditions such as salinity, 

dissolved oxygen, and sediment and nutrient concentrations  

The excess nutrients entering the West and Rhode Rivers have overtime caused what is 

known as eutrophication process. In the eutrophication process, excess nutrient flow causes 

algae o over populate the waters. The excessive algae growth clouds the water and thus the 

sub-aquatic vegetation on the riverbed doesn’t receive sufficient sunlight to sustain life. This 

water clarity, also known as secchi depth, is used as one of the main indicators of the water 

quality in the WRR. The algae in the rivers eventually die off, which may seem like a good thing, 

but in fact this algae die-off harms the rivers even more because they oxidize, thus reducing the 

dissolved oxygen levels of the water and further preventing sub-aquatic vegetation growth. 

Data was taken from the WRR in April of 2011, from the samples taken 0% met the threshold 

level for underwater grasses (sub-aquatic vegetation) [1].  The eutrophication process is 

depicted by Figure 1.   The right hand side of the figure shows the excess nutrients, according to 

recorded data from the WRR.  
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Figure 1: Comparison of Healthy and Unhealthy Habitat 

 

Figure 2:  Report Card on Water Quality in West and Rhode Rivers 
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Figure 2 shows the annual report card from the West and Rhode Riverkeeper Inc for 

2011. Data was taken in April of 2011 from the marked locations on Figure 4 and the data was 

compared to the acceptable thresh hold levels for each of the indicators listed on the report 

card. Percentages on the report card are of the samples taken from the river, so these values do 

not represent 100% of the environment but are good measures to make a proper judgment of 

the water quality in general. The acceptable level for dissolved oxygen is (DO> 5 mg/L), which 

according to the report card is at an acceptable level for this year. The nutrient level, which 

measures the amount of nitrogen and phosphorous in the water, should be less than 0.037 

mg/L for phosphorous and less than 0.65 mg/L for nitrogen, but it is given a grade of C due to 

the fact that the amount in the West and Rhode Rivers are at 47% and 46% of the acceptable 

level, respectively. The chlorophyll, or algae amount, in the water needs to be less than 6.2 μg/L 

to meet the acceptable level. However, for the West and Rhode Rivers the levels are at 47% and 

40% respectively, thus receiving a grade of C-. As indicated by the report card, the underwater 

grasses level is at 0% of the acceptable level of being greater than 1.2 km^2.  

 

Figure 3: Report Card 2012 
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Figure 3 shows the West/Rhode Riverkeeper Report Card from data taken in 2012. 

Relative to the values from the 2011 report card, the water quality has decreased even more. 

This further affirms the depleting health of the rivers and the need for a solution to reducing 

nutrient flow.  

 

Data Source: West/Rhode Riverkeeper Report Card 2011 

Figure 4: Map of Testing Location 

 

 

1.2 West and Rhode Riverkeeper: Previously Sponsored Project 

The West and Rhode Riverkeeper sponsored a project from 2010 to 2011 at George 

Mason University.  The goal of the project was to find the best method of filtration for the West 

and Rhode Rivers in order to reduce the turbidity.  The group proposed three alternatives which 

included clams, oysters, and living shoreline restoration. Filtration rates and effectiveness for 

the three alternatives were determined using a deterministic 2-dimensional tidal mixing model 

(2DTMM), developed by the group. Based on the cost versus utility analysis, the group 

proposed the solution of soft-shell clams. Oysters had the second highest utility with living-

shoreline restoration coming in last. A large reason oysters were not chosen as the proposed 

alternative was due to the assumptions about the implementation of oysters in the Rivers.  The 
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project analyzed oysters and clams as on-the-bottom growth.  Due to the muddy bottom and 

lack of hard substrate in the West and Rhode River, a thick layer of shell would need to be laid 

on the bottom before oysters could be planted.  Oyster shell is in low supply and very costly so 

this assumption made oysters a completely infeasible option due to the cost.  The group also 

assumed that oysters and clams could equally survive in the West and Rhode River.  The model 

simulated the amount of nutrients taken out of the river not the survivability of the alternative. 

In the summer of 2011, the Smithsonian Environmental Research Center (SERC) 

conducted a pilot study based on the recommendations of the project.  However, none of the 

clams survived.  The total extinction was due to the extremely low salinity which occurred 

during the past summer [22]. The salinity level recorded in the summer of 2011 is a rare 

occurrence in relation to other data taken in the WRR from 1984 to the present. Thus, the 

deterministic model used to calculate the filtration did not account for the stochastic nature of 

the environmental conditions. The salinity data taken from 1984 to the present shows that for 

large majority of the time, the salinity does not fall below the threshold level of oysters. In an 

unrelated study conducted by SERC in 2011 oysters and mussels were tested.  In six of eight 

sites the oysters had survival above eighty percent.  In one of the other sites the survival was 

above seventy percent.  

 

Figure 5: Survival Results from SERC Study Summer 2011 [22] 
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Figure 6: Growth Results from SERC Study Summer 2011 [22] 

 Due to the assumptions made by the group, there is a need to consider the survivability 

of oysters as well as consider an alternative method of growing the oysters.  The assumption 

that oysters would need to be bottom raised considerably increased the price of the 

alternative.  Due to the muddy makeup of the river bed, a significant amount of hard substrate 

would need to be laid in order for oysters to survive.   Hard substrate comes in the form of 

concrete or recycled oyster shells.  Both materials are expensive and recycled oyster shells are 

difficult to find being sold near Maryland.  Placing oysters on the bottom of the river also 

minimizes the effect of the oyster’s filtration.  Only the water on the bottom of the river is 

filtered when placed on bottom.  However, if floating cages are used, a larger percent of the 

water column is filtered by the oysters.     

1.3 Chesapeake Bay Oyster Population 

The harvesting of oysters in the Chesapeake Bay began with the first settlement of 

Chesapeake in Jamestown Virginia [3].  There has been continued oyster harvesting until this 

day. However, the oyster population has significantly declined over the past century.  Since 

1870, when records were kept about the size of oyster harvests, the oyster population has 

dropped from a peak of 15 million bushels in 1884-1885 harvest season to about 165,000 in the 

2006-2007 harvest seasons [4].  The population of oysters is less than one percent of the 
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historic levels, as shown in Figure 7.  The declining population has been credited to over-

harvesting, disease, and decreased water quality.     

 

Figure 7: Maryland Oyster Harvest, MDDNR [4] 

The Maryland legislature has enacted laws to stop the declining population. An anti-

dredging law first passed in 1820.  In 1865, the legislature reversed the law and created a state 

licensing process, which allowed for dredging, scrapers, and tongs as forms of harvesting 

oysters.  Then, in 1868, the State Fishing Force was established to enforce licensing laws.  The 

licensing was an attempt to privatize the waters and the harvesting.  The effectiveness of the 

agency was minimal according to Kennedy due to a “prevailing attitude in tidewater 

communities…that oysters were, and are, a common property resource and that no 

one…should be allowed private control over good oyster grounds” [3].  Private property rights 

of leases were not respected, as there were multiple thefts of leased properties.  The Cull Law 

passed in 1890, which created the minimum legal size to sell oysters as two and half inches.  

The law also required the shells with spat and young oysters were to be thrown back into the 

water.  However, none of the laws were able to stop the drastic decrease in the oyster 

population in the Bay. 
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Throughout the century the Maryland legislature and the Maryland Department of 

Natural Resources (MDDNR) has tried various avenues to restore the oyster population to the 

Chesapeake Bay.  Most recently, the MDDNR has funded the building of the Hornpoint 

Laboratory, a hatchery and research facility. Federal money has also helped fund a hatchery at 

Morgan State University.  In April 2009, Governor Martin O’Malley backed a joint decision from 

the U.S. Army Corps of Engineers and the state of Maryland to remain committed to the 

restoration of the native oyster in the Chesapeake Bay through “new aquaculture 

opportunities” [5]. The leasing process of land for the use of oyster aquaculture was 

streamlined.  The Maryland Agricultural and Resource-Based Industry Development 

Corporation (MARBIDCO) partnered with the MDDNR to offer subsidized loans for commercial 

waterman and others starting or expanding shellfish aquaculture operations for 2011 [6]. 

Despite the many efforts, successful oyster restoration has not come to fruition.   

1.4 The combination of Oysters and the West and Rhode Rivers 

There is a two-fold need in the West and Rhode River and the Chesapeake Bay.  The first need is 

to implement a system to reduce the turbidity in the West and Rhode Rivers.  Second, there is a 

need to restore oysters in the Chesapeake Bay.  While the two needs may sound unrelated, 

there is a way to combine the two needs to create a win-win situation for the many 

stakeholders involved with the needs.  Oysters are natural water filters.  They are able to filter 

up to 190 L of water a day depending on the environmental conditions in which they are 

growing.  Placing oysters in the WRR could potentially help to decrease the turbidity of the WRR 

while helping to fulfill the goal of restoring oysters to the Bay.  The system by which the oysters 

are placed into the WRR will need to be financially sustainable.  This is because it is not believed 

that there will be significant or sustained funding for environmental cleanup from the 

government in the foreseeable future due to the current budget crisis and other financial 

difficulties with the government [7]. 

2. Problem Statement 
The WRR has seen decreased water quality due to increased nutrients and sediment from 

runoff and is exacerbated by loss of Sub-Aquatic Vegetation (SAV) and other aquatic resources. 
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Oysters have been proven to remove excess nutrients and restore the health of the rivers. 

Currently, the budget climate prevents prolonged government funding to support a sustainable 

aquaculture system. 

2.1 Need Statement 

There is a need for an oyster aquaculture system in the West and Rhode Rivers to reduce 

nitrogen and sediment and to be financially sustaining, with a positive return on investment 

within 5 years.  

2.2 Scope  

 The area of this project includes the WRR and the sub-estuary entrance into the 

Chesapeake Bay.  The project designed and evaluated the implementation of an oyster 

aquaculture system to reduce the turbidity of the WRR. The three main components of the 

project are to simulate the growth of oysters in the varying conditions of the WRR.  Second, the 

project develops the simulation of a business model for oyster aquaculture.  Finally, the project 

estimated how many nutrients would be removed due to the oysters in the river.  

2.3 Originating Requirement 

1.0 The system shall have a positive return on investment in 5 years. 

3. Stakeholder Analysis  

3.1 West/Rhode Riverkeeper Inc. 

 West/Rhode Riverkeeper Inc. is a non-profit organization established in 2005 with the 

purpose to stop pollution, enforce environmental laws, and promote restoration in the West 

and Rhode rivers.  The organization is funded through grants and the community through 

fundraisers and donations, and currently consists of one full-time Riverkeeper, two part-time 

staff, and several volunteers.  The W/R Riverkeeper is also a licensed member of the 

Waterkeeper Alliance, an international group of Waterkeeper organizations.  In addition, the 

Riverkeeper also works in collaboration with fifteen other Riverkeeper organizations within the 

Chesapeake Bay area and its tributaries.  The objective of the Riverkeeper organization is to 

work with state and local governments in order to accomplish its goal of a clean waterway for 

the community [24]. 
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3.2 Maryland Watermen  

 The local Maryland Watermen are citizens who make a living from fishing/harvesting 

fish, crab, and oysters from the Chesapeake Bay and its tributaries.  Once a prosperous 

industry, currently Maryland has seen a decline in working watermen due to overharvesting 

and environmental changes.  As excess nutrients and sediment are runoff into the Chesapeake 

Bay, many aquatic species have been affected by the ecological decline in sub aquatic 

vegetation.  This has resulted in near-historic lows of blue crab populations, as well as declining 

eastern oyster populations [25].  In response to this change, watermen require new methods to 

continue earning an income from the Chesapeake Bay.  One of these methods would be to 

implement an oyster aquaculture program as compared to harvesting oysters from the natural 

population.  This would provide a sustainable source of product in order to offset the current 

condition of aquatic populations in the West and Rhode river.  The objective of the Watermen 

is to provide an income to sustain their living through the harvest and sale of aquatic species, a 

business that is currently in danger of being unprofitable. 

3.3  Maryland Department of Natural Resources 

 The Maryland Department of Natural Resources (MDDNR) is the governing body of the 

Chesapeake Bay and its tributaries, responsible for managing the coastal regions as well.  In 

addition to regulating the use of the waters, the MDDNR also promotes and supports the 

aquaculture enterprise.  Through providing leases and loans for local watermen, the MDDNR 

plays an active role in sustaining the profitability of aquatic harvesting in Maryland.  The 

objective of the MDDNR is to provide regulation of the Chesapeake waterways, as well as 

support the aquaculture industry. 

3.4  Local Watershed Residents  

 The residents surrounding the West and Rhode river support the restoration and 

protection of the water, although they also contribute excess runoff through yard and storm 

water drainage.  Construction sites, fuel stations, and boating communities also contribute to 

this nutrient runoff and sediment erosion.  With the creation of the West/Rhode Riverkeeper, 

these negative impacts have been measured and solutions to reducing environmental impact 
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have been publicized over the past decade.  The objective of residents is to support the 

recreational use of the rivers, as well as provide advocacy for a cleaner environment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Stakeholder Relationship Diagram 

 Figure 8 shows the interactions between the four primary stakeholders and the West 

and Rhode rivers.  Two points of interest are the relationship loops between the Residents and 

W/R Riverkeeper, and the Watermen and MDDNR.  These loops are important because they 

reinforce the respective objectives of each stakeholder, allowing them to achieve their goal.  

These loops also have an effect of the state of the West and Rhode Rivers, as is the case for 

residents where waste runoff is reduced through the restoration promotion caused by the W/R 

Riverkeeper. 
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4.0 Design Evaluations 

4.1 Permitting Process 

The MDDNR and the U.S. Army Corp of Engineers are in legally in control of all permits 

for aquaculture.  In July of 2011, the permitting process for shellfish aquaculture became easier.  

Previously permits were required from the MDDNR and the U.S. Army Corp of Engineers.  Now 

there is a joint application for both agencies [13], closing the gap between the state and federal 

lease process.  The MDDNR is now responsible for issuing shell-on-bottom and water column 

(cages and floats) leases in the Chesapeake and Maryland Coastal Bays. Another benefit of the 

new joint application is the option for applicants to get help from the Aquaculture Review 

Board including consultation and pre-planning of their application. Although this is a joint 

application, the lease application review process still requires review by both the MDDNR and 

U.S. Army Corp of Engineers.  

In addition to the new joint application process, the creation of the Aquaculture Division 

at the MDDNR in July 2011 shows Maryland’s openness to the implementation of aquaculture 

system in their bays. This new division, which consists of a total of 5 staff members, is now in 

charge of the leasing and permitting program as well as the field operations programs. The 

application includes a description of the project, a drawing of the proposed system, and other 

logistical information.  It is required that a minimum of one million spat are planted for each 

acre leased.  This will be a requirement for our system since it is a legal regulation, which must 

be followed.  The jurisdiction must be determined for the water where our proposed 

aquaculture system will be.   Currently the U.S. Army Corps of Engineers have set project lease 

acreage thresholds for the new quick turnaround permit. These include a 50-acre threshold for 

bottom leases, a 5 acre water column with cages lease threshold and a 3 acre water column 

with floats lease threshold. The cost of processing leases includes a $300 fee for the joint 

application process for an on-bottom implementation while water column applications can be 

processed for no cost.  

The first stage of the Commercial Shellfish Aquaculture Lease Application Process is the 

pre-planning and consultation stage. This stage includes reviewing the application materials and 

instructions of the MDDNR website, and reviewing all applicable statutes and regulations. Once 
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this is complete, the applicants must next inform themself about the potential lease sites. To 

make this process easier, the MDDNR recommends contacted them to discuss potential known 

resource conflicts in their area of interest. One-on-one meeting are available to review 

proposed lease locations in advance of submitting an application [28]. To fine tune the location, 

the MDDNR can provide the applicant with a map showing these conflicts. 

Once an implementation location has been finalized, the individual or corporation must 

fill out the application. These include: Applicant / Corporation information, a description of the 

lease location and site, maps of the lease location, offloading site, staging/equipment storage 

site and nursery facility, diagrams of the cross-section and in-water equipment, product 

information and all signatures. The MDDNR currently provides potential applicants an example 

of what they expect the vicinity map and cross-section. 

Included with these maps and drawings, the equipment details including 3-D sketches 

and/or photos, dimensions, quantity and configuration of all in-water equipment is required. 

Once all this information is compiled, the application is reviewed first by the MDDNR. This 

review process includes a state review of application completeness, a state legal and resource 

review, and a hydrographic survey of proposed lease location. If the application is deemed to 

be complete and is approved by the MDDNR, it is then forwarded to the U.S. Army Corp of 

Engineers. It is then that the Baltimore District reviews the materials received from the 

MDDNR. [27]  

There are several restrictions and requirements which must be met when requesting a 

permit from the MDDNR.  First, the red crossed area on the map is a restricted area.  No 

permits are allowed in these areas.  This is for various reasons including the salinity and 

bacteria in the area.  Second, the black crossed areas are conditionally restricted areas.  Permits 

are allowed here, but harvesting of oysters or other species is not allowed for three days 

following a rain storm resulting in greater than one inch of rain in a twenty-four hour period.  

The reason for this, according to the MDDNR, is the runoff can carry bacteria into the water 

from adjacent land.  Third, the boundary of all plots must be 300 feet from navigation buoys, 

150 feet from active pound nets, and must leave a channel for boat navigation.  Finally, all plots 

must have the approval of all adjacent landowners and general public approval [38].  
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The popularity of shellfish aquaculture leases is increasing. There are currently 400 

active shellfish leases in the state of Maryland, covering about 4000 acres, with over 100 leases 

application received in the past year covering 2800 acres of water. These leases include 384 

submerged land bottom leases and 16 water column leases. [28] 

4.1.1 Permitting in the West and Rhode Rivers 

 The maps for permits in the West and Rhode Rivers as of January 2012, Figures 9-10, 

were obtained from the MDDNR Aquaculture Division.  Sites were considered on both rivers, 

but based on current permits and other restrictions a site of the Rhode River is the only site 

being evaluated in this project.  The West River can still be used for aquaculture.  It may have to 

be a few years in the future or the size and scale of the operation may have to change to fit into 

the current space available in the West River.  Figure 11 illustrates a proposed location for an 

aquaculture operation.  The site is a one acre site, but is designed to be scalable to any number 

of acres desired.  

4.1.2 Maryland Nutrient Trading Program – Category 3: Oyster Aquaculture 

 The Maryland Departments of the Environment (MDE) and Agriculture (MDA) initiated 

the Maryland Nutrient Trading Program aimed at helping reduce the amount of nutrients, 

including Nitrogen and Phosphorus in the Chesapeake Bay.  While the aquaculture system in 

the WRR is targeting removing nutrients from the rivers, the Trading Program’s goal is to 

reduce the amount of nutrients flowing into the Bay as well as removing nutrients.  The MDE 

and MDA have established several best management practices (BMPs) for tree planting, 

covering crops, and several other land based operations.  The MDE and MDA recognize oyster 

aquaculture as a potential program which could participate in the trading program.  However, 

no official study has been conducted to determine the effect of the oysters on water quality in 

the Bay.  Therefore, oyster aquaculture is a category 3 BMP.  In order for oyster aquaculture to 

be included in the trading program it would have to go through a process to define the BMP 

and estimate the effectiveness.  The MDDNR is considering taking oyster aquaculture through 

this process.  The process includes an extensive literature review process and will be evaluated 
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by the nutrient review committee.  A significant portion is an actual field study to show the 

effects of the BMP. 

 If an oyster aquaculture system is implemented in the Rhode River, but not the West 

River; the West and Rhode Rivers would be an excellent place to conduct the study.  The West 

River could be held as a control variable.  The water quality in the two rivers could be evaluated 

to determine the effect of oysters on the water quality and nutrient removal [39]. 
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Figure 9: West River Lease Map 
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Figure 10: Rhode River Lease Map 
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Figure 11: Application Lease Map with Proposed Location 

Placing oysters on the riverbed requires a hard substrate for the oysters to set on. This 

increases the potential for the oysters to be smothered by sediment and only filters the bottom 

depths of the river. The hard substrate needed (recycled shell) is currently scarce and would 

require high transportation costs to obtain to large quantities. The advantages of using a 

hanging cage design include not having to use a scarce and expensive hard substrate, the ability 

to put more oysters in the water per acre and filtering the entire water column.   While floating 

cages have been used with a certain amount of success, utilizing the full water column may 

enable growing more oysters at a location. Structures deployed below the surface may also 

mitigate issues concerning freezing and ice flows. A vertical structure, however, will be subject 

to hydrodynamic loads, especially if installed in an energetic region where waves and current 
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exist. In this situation, risk should be minimized, and therefore an engineered method should 

be used when specifying components.  

 

4.2 Hanging Cage Design 

The design of the cage implementation used in this project is based on a study in the 

Chesapeake Bay by United States Naval Academy. In this study the vertical grow out potential 

of C. Virginica oysters was examined. It was found that over a period of nine months, vertical 

growth rates were comparable among depths and to those on a restored bar. Hydrodynamic 

coefficients for both steady and oscillatory flows were also obtained. These coefficients can be 

incorporated in Morison equation type models where empirical values are required. Based on 

their findings, they concluded that the cages needed for vertical grow out of oysters can 

feasibly be implemented and used in the Chesapeake Bay. The cost to land an oyster is critical 

to the profit margin and real profit dollar the farmer is able to achieve. The more oysters you 

have in the water combined with the least amount of gear/labor cost the better.  

The proposed cage design is based on a design done by the United States Naval 

Academy [37]. In this study, the vertical grow out potential of C. virginica was examined for a 

mezohaline condition of the Chesapeake Bay. It was found that over a period of nine months, 

vertical growth rates were comparable among depths and to those on a restored bar and 

should be designed to be below the surface to avoid icing and boat traffic. Hydrodynamic 

coefficients for both steady and oscillatory flows were obtained. These coefficients were then 

incorporated in Morison equation type models where empirical values are required. A static 

design application is provided in this study, but the coefficients could also be incorporated into 

code to perform dynamic simulations. 

Regardless of the type of system deployed, however, bio-fouling will influence applied 

forces. This is especially true in the productive waters of the Chesapeake Bay. Because this 

influence of bio-fouling on the drag and inertia forces on shellfish aquaculture gear, as well as 

the growth rates, needs to be further quantified. Cleaning equipment during the warmer 

months has always been a major component of both residential and commercial oyster growing 

efforts. The need also exists to investigate depths where fouling is minimized and the effective 
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use of foul resistant materials. Nevertheless, to achieve a substantial oyster filtering capacity in 

the Chesapeake Bay, both traditional and engineered approaches will be required. Utilizing 

sites along developed shoreline, in open water and throughout the water column will help 

maximize the use of available space. In addition, expanding residential and commercial oyster 

aquaculture may have both positive environmental and economic impact on the Chesapeake 

Bay region [37].  

 

 

Equation 1: Total Force on Cages 

  

all of which are a function of time. The horizontal drag force on the stack of trays with the  

flotation pipe was integrated over the depths (d1 = 2.22 m and d2 = 3.00 m), 

 

Equation 2: Horizontal Drag Force on Cages 

 

In this case b is the width of the tray and dpipe is the diameter of the flotation pipe. To find the 

horizontal inertia force, the tray and pipe flotation components were separated. On the stack of 

10 trays, the inertia force was taken as 

Equation 3: Inertia Force on Cages 

  

In this approach, the KC number was calculated to be 6.05, where umax was taken as the 

magnitude of the wave particle velocity at a depth of 2 m resulting in a value of 0.74 m s-1. The 

drag and inertia coefficients corresponding to the oscillating flow situation (conservative 

approach) were found to be 2.19 and 0.93, respectively.  In equation 4, the drag and inertia 

forces on the trawl float (sphere) were taken as, 
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Equation 4: Drag Force on Trawl Float 

  

Equation 5: Inertia Force on Trawl Float 

 

In Equations 4 and 5, the drag and inertia coefficients for the sphere were taken as 0.4 and 1.4, 

respectively, as described in Sarpkaya (1975). These values correspond to experimental results 

obtained at a KC number of approximately 6. The drag and inertia depth integrated horizontal 

forces were calculated for a 5 seconds wave period. When the drag and inertia forces are 

superimposed, the maximum force was found to be 1100 N at t = 4.75 s. With this horizontal 

force value and the net vertical buoyant force of 1070 N, the maximum tension in the chain was 

calculated to be 1536 N. Under this loading condition, the 9.5 mm long-link chain (with a 

working load of 22 kN), a 1 m square concrete block with a height of 150 mm (weight of 1720 

N) and a 311 N pyramid anchor would be sufficient if deployed on a sandy bottom. The system 

design particulars are shown in Figure 12. 
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Figure 12: Individual Floating Cage Diagram 

 

 

Figure 13: Conceptual Design of Floating Cage System 
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Figure 21: Top View of Cage in Plot Area 

A top view diagram of the plot design and configuration of cages is shown in Figure 21. 

This represents an approximately one-acre site that can be scaled for use in bigger 

implementations. The triangles at the end of each line represent a pyramid anchor with pick-up 

float, while the squares represent a top view of the cages. In this 35 ft. x 1215 ft. (≈1 acre) plot, 

the maximum cage capacity, using 4 ft. x 3 ft. x 1.3 ft. cages, is 750 cages using the design in 

Figure 21. This is assuming 5 lines at a length of 1200 ft. (8 cages/line), cage spacing of 4 ft. and 

leaves approximately 8 ft. between each line for boats to pass through. 
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Figure 22: Permit Site Diagram (Cross Section View) 

Figure 22 shows the cross sectional view of the permit site. The circles at the top of the 

structures represent trawl floats that keep the structure upright, while the rectangles at the 

bottom of the structure (on river bottom) represent dead weights used to anchor the structure. 

The rectangles on the water line represent buoys that are responsible for keeping the line 

afloat. The mean low-low water (MLLW) and mean high water (MHW) were calculated based 

on the average low tide and high tide depths of the area (NOAA Nautical Charts referenced). 

These depths were then used to ensure that the cages do not go below a minimum depth of 6 

ft. or above a maximum depth of 7.5 ft. (given that the maximum height of the structure is 4 ft. 

from the bottom.) The 3’x4’ triple stack cages are built using 14 gauge 1”x1” wire These cages 

are priced at $130.00 each at 50+ pricing and are currently commercially produced and 

available from the Chesapeake Bay Oyster Company. These cages are able to hold up to 3,000 

market sized oysters at a time, weighing approximately 600 – 750 lbs. at full capacity (cage + 

market sized oysters). The weight of the structures is important to consider, as watermen must 

feasibly be able to pull up the cages once a month for cleaning and harvesting. Costs for 
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implementation include cages, hangers/supports, trawl floats, buoys, dead weights, lines and 

anchors.  

Using the bottom cages both .5” and 1” after upwelling to a .5” size for seed, we have a 

calculated the cost of landing a single oyster at anywhere between $.05 and $.12 each.  The 

$.05 is with more than 1 million seed in the water and the $.12 with roughly 100K. Bags can be 

used in the 1”x1” 3’x4’ triple stack trays, 1 bag per compartment/2 bags per tray/4bags per 

double stack.  Using the trays vs. bag cages in this fashion saves money for those who do not 

yet have an up-weller as seed can then be grown out, typically from 1/4” to a full 5/8” sieved 

for placement in the .5”x.5” trays. 

5.0 Design Alternatives  
The design alternatives for an oyster aquaculture system are two-fold.  First, the 

alternatives for obtaining and growing the oysters: remote setting, nursery, and spat-on-shell.  

Second, the alternatives for selling the oysters are by half-shell or by shucking.  

5.1 Oyster Lifecycle  

 The lifecycle of an oyster, as shown in Figure 14, starts when an egg and sperm combine 

to make a fertilized egg. After approximately one week, the oyster reaches the larvae stage. If 

the oyster is obtained at this stage, it will require a remote setting to continue growing; the first 

alternative of obtaining, in which multiple larvae attach itself to recycled full shell. After one 

more week, the larvae grows what is called a “foot”. At this stage it is called a seed. A growth 

method called nursery is required to grow the oyster at seed stage; the second alternative of 

obtaining. In this method, the one seed attaches itself to one finely crushed shell. Because of 

this, seed oysters grown using the nursery method are ideal when the final product desired is 

half shell. The seed uses this “foot” to attach itself to a shell. This stage, and third alternative of 

obtaining, is called spat-on-shell. Once this stage is reached, the spat-on-shell is ready to be 

placed into the water and in an aquaculture system. For the next 2-3 years, the oyster will 

grow, filtering water and growing its own shell, until it is large enough to be sold. 

 A new type of oyster has been engineered to grow out in about a year and a half.  The 

oyster is called a triploid oyster.  The oyster has two sets of chromosomes compared to the one 



 

 40 

set on the Diploid oyster.  Due to this difference the triploid does not try to reproduce, thus 

allowing it to put its full effort into growth all year round.  Triploid oysters are also able to be 

harvested all year round.   

 Due to limitations on the current growth models for triploid oysters, the growth model 

simulates diploid oysters.  However, if the operation is profitable on a three year cycle, it is 

assumed that it would also be profitable on a faster one and a half year cycle. 

 

Figure 14: Oyster Life Cycle 

5.2 Alternative 1: Remote Setting 

 Remote setting is a land-based operation.  The oysters used for this alternative are 

obtained as larvae.  The process for remote setting is shown in Figure 15.  The first step in 

remote setting is to obtain recycled shell.  This can be purchased or if some is already owned it 

must go through a yearlong cleaning and drying process to remove all bacteria and remnants of 

previous oysters.  For twenty-four hours before the oysters are going to be placed in the tanks 

and set, the shell must be soaked in the water in the tanks.  After this time the oysters can be 

placed in the tanks.  The oysters will set on the shell and continue to grow for a period of 10 

days.  At this point the oysters will be sorted and most should be ready to be placed in the 

hanging cages in the river.  If they are not, they will continue to grow in the tanks until they are 

ready.  Oysters are typically ready to be placed in the water at three quarter of an inch.  In the 
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remote setting process multiple oysters set to one shell.  It is important to put the oysters 

through the sorting machine to ensure the oysters grow one oyster per shell and that the shape 

of the shell grows correctly.  The equipment needed for remote setting includes tanks, pumps, 

blowers, cages to hold the oysters inside of the tanks, a shell washer, and a sorting machine.  

Water is pumped into the tanks from the nearby water in the river.   

Oysters grown in through remote setting are typically marketed as shucked oysters.  

This is due to the nature of the grow-out method with multiple oysters growing on one shell.  

Some oysters are suitable for the half-shell market [36].  If oysters are put through a sorting 

machine, all of the oysters can grow to be suitable for the half-shell market.  The sorting 

process breaks apart oysters that are growing together as well as shapes the oyster.  When the 

oyster is placed back in the water it regrows its shell and becomes an appropriate oyster for the 

half-shell market [33]. Therefore, remote setting oysters can be used for the half-shell market if 

they are sorted and care is taken to make sure they grow-out for that market.  

   

 

Figure 15: Remote Setting Process 

5.3 Alternative 2: Nursery 

Seed oysters coming from the hatchery require additional growth before they can be 

placed in their grow-out containers. Producers have found it beneficial to buy smaller seed 

oysters and “nursery” them in upwellers until they become large enough to place in cages off 

the bottom. The nursery process starts with seed oysters set on micro-cultch as their starting 
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stock. The purpose of a nursery is to provide a protected environment for small seed until they 

reach a size (8 to 10 mm) suitable for field grow-out. 

During the nursery processes and through grow-out, there is some mortality. The 

producers estimate this loss at between 30 and 40 percent of the starting population. Thus, if 

one wants to produce one million marketable oysters, they should start with about 1.5 million 

seed oysters [35].  

Setting on whole shell or other large cultch can be done by placing the cultch in large 

mesh bags, then into tanks with treated seawater. Eyed larvae are introduced at the rate of 100 

per shell, with a goal of obtaining 10 to 30 early spat per shell. Gentle aeration is applied, algae 

added, and the tank covered. After several days, the tanks are supplied with a continuous flow 

of coarsely filtered seawater. Bags of cultch should be washed occasionally and tanks drained to 

remove wastes. To reduce hatchery costs, bags can be moved after 1 to 2 weeks to protected 

waters with firm substrate and a history of growing oysters. When oysters reach a size that 

protects them somewhat from predation, and before they grow through the bags, they can be 

removed from the bags and spread on suitable bottom substrates. 

The floating upweller costs remain between $3,500 and $7,500. The down-welling 

system has a lower cost in its purchase price, but its operating costs likely exceed those of the 

floating upweller due to higher labor and electricity costs. With both systems, tanks need to be 

cleaned and growing seed oysters separated. As seed oysters grow, they are removed from 

their nursery and placed in smaller mesh bags. A shaker table or sorter facilitates the tending 

and partitioning of oysters in bags. A shaker table costs between $4,000 and $8,500, and a 

sorter is priced at $8,000 [35].  

Upwelling systems are the most widely used land-based nursery systems. Although they, 

too, have high capital costs and energy expense, upwellers promote the rapid, uniform growth 

of seed. An upwelling system consists of a reservoir (usually rectangular and about 2 feet deep) 

that contains several culture units. Each culture unit (“silo”) has a screen bottom that supports 

the seed. The silos are placed so that their sides project above the water level and the bottom 

screen is several centimeters above the reservoir bottom. A drainpipe near the top of the silo 

extends through the silo wall and the reservoir wall and empties into an external common 
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drain. Water is pumped into the reservoir, rises up through the screens and the seed, and exits 

out the drains near the top. Each liter of large (7-mm) seed requires a flow of 10 to 20 liters per 

minute [34].  

The initial upweller culture continues until oysters are large enough to be placed in the 

smallest mesh size nursery bag. These bags can be kept in the hatchery under high water flow 

or placed in natural waters off-bottom. The small mesh size of the bags makes regular cleaning 

necessary. As the oysters grow they are sieved through appropriate size meshes (slightly 

smaller than the mesh size of the bag they are being put into) and the retained oysters moved 

to larger mesh bags. The larger mesh bags also require periodic cleaning and inspection for 

predators in the bags [32]. 

 

Figure 16: Upwelling System 

 

Experts have found it to be a huge cost/labor savings to continually split and sort 

seed. Splitting the seed every 3-4 weeks helps to make certain they do not grow into each 

other/into a giant block within cage. This ensures uniform shape and appearance that is key 

when selling in the more profitable half shell market. 

Sorting oysters by size on a continual basis (every two to three times they are split) 

helps insure quick/easy harvest. This way, when the distributor places an order, it is easy to 

know exactly where to pull cages to fill that order. Sorting using a Quick Tube sorter also breaks 
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off new growth for the oyster, thus forcing the oyster to make repairs to its shell.  As the oyster 

repairs its shell, it forms a deeper cup and the end result is prettier/more uniform shape and 

meatier oyster when compared to a natural oyster [33].  

 

 

Figure 17: Sorting Schedule 

 

Figure 18: Nursery Process 

5.4 Alternative 3: Spat-on-Shell 

 The final stage of the oyster lifecycle is the spat-on-shell phase.  Hatcheries sell the 

oysters at all phases of the lifecycle.  Buying oysters at the spat-on-shell stage means the 

hatchery did all of the work for grow-out.  While this decreases the labor cost required for an 

aquaculture operation, these oysters are more expensive than larvae and seed stage oysters 
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because the hatchery has to do all of work for grow-out.  Grow-out still has to be done, but 

depending on the stage obtained shifts who does the work and who bears the time and labor of 

grow-out.  Figure 19 is a flow chart of the spat-on-shell process. 

 

Figure 19: Spat-on-Shell Process 

5.5 Final Product 

The most profitable oyster aquaculture system will have to take into consideration the final 

product that is desired based on the stage chosen to obtain the oyster. Each alternative of 

obtaining can use a growing method that produces a shucked or half shell final product. When a 

shucked oyster is desired as a final product, it allows the grower to reuse the shell for future 

use. Because shell cost is currently very high, being able to get it back would decrease 

equipment costs in the future and thereby increase total profit. Because the shell is shucked 

from the oyster, the oyster must be sold for canning purposes. On the other hand, if a half-shell 

oyster is desired as a final product, it can typically be sold for more as they are highly 

demanded by restaurants, but it is not possible to reuse the shell because it is included in the 

sale.  
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Figure 20: Method of Sale Alternative 

 

6.0 Method of Analysis/Simulation 

 

Figure 21: Method of Analysis Flow Diagram 
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 The method of analysis, shown in Figure 21 includes evaluating the growth and 

survivability of the three alternatives for obtaining the oysters in the growth model, then 

evaluating the amount of nutrients filtered with the Two Dimensional Tidal Mixing Model 

(2DTMM) while evaluating the financial feasibility in the business model, next the design 

alternatives will be evaluated by the utility function, and finally the alternatives will be 

evaluated based on the cost benefit analysis.   

6.1 Initial Investment 

The initial investment consists of two parameters, those being the maximum oyster 

capacity desired for an aquaculture business and the maximum duration desired.  Maximum 

oyster capacity is measured in millions of oysters, whereas maximum duration is measured in 

years.  For our default simulation values, 1 million oysters and 5 years were used as input. 

6.2 Oyster Growth Model  

6.2.1 Overview 

The purpose of the growth model is to evaluate the probability of having oysters reach market 

size (3” in Maryland) within varying amount of years, up to a total duration of 5 years.  This 

length was chosen because the loan for the initial shell and oysters can be applied for 5 years.  

This probability is evaluated through the calculation of oyster biomass over time.  The biomass 

is dependent on the environmental conditions of the West and Rhode River in order to grow, as 

well as the biometric variables of the oyster.   

6.2.2 Assumptions 

Due to the fact that all three grow-out phase design alternatives reach the spat-on-shell stage 

as they are placed into the water, all alternatives will be evaluated using multiple simulations of 

the growth model.  The following assumptions will also be considered valid for the simulation;. 

- Oyster mortality due to harvest and disease will be negligible. Only predation and 

hypoxia will be considered. 

- Initial oyster biomass will be based on a log-normal distribution (μ=0.65, σ=0.63), 

approximating the mass of the oyster after the initial grow-out phase. 

- Oysters will be assumed to be market size once they have reached 76.2 mm in length, or 

approximately 0.33 kg Carbon. 
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6.3 Oyster Growth Model Inputs 

 

 

Figure 22: Growth Model Flow Chart 

6.3.1 Environmental Variables 

The environmental variables used in the growth model are listed in Appendix 6 for each month, 

starting with January.  Each value is randomly generated using a Gaussian distribution based on 

the average and standard deviation for the current month. These values were obtained through 

the MDDNR Water Quality Data Hub [18].  These variables allow for a Monte Carlo simulation 

to be run for the growth model, as well other models used to determine the sustainability of an 

oyster aquaculture system. Figure 23 shows a top level traceability of which models are 

affected by the stochastic elements derived from the environmental variables.  In order to 

ensure a confidence interval of 95%, the equation 6 was used to calculate the number of runs 

needed (Z = 2 for a C.I. of 0.95). 
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Figure 23: Top Level Environmental Variables Input 

 

 

 

Equation 6: Monte Carlo Error 

 

             
   

√ 
 

 

6.3.2 Biometric Variables 

The biometric variables are used to evaluate the efficiency of an oyster based on its observed 

nature.  These values were determined through previous research aimed at determining the 

effects of filtering and deposition [21].  (IF) which is the fraction ingested (0 < IF < 1), (Fr) 

filtration rate (m^3 g^-1 oyster C d^-1), (RF) respiratory fraction, (BM) basal metabolic (d^-1), 
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(α) assimilation efficiency (0 < α < 1), and (β) mortality rate (d^-1).  These values are constant 

and are listed below in Table 1. 

 

 

 

 

 

Table 1: Biometric Variables 

6.3.3 Oyster Biomass 

Oyster biomass is based on grams of organic carbon incorporated in soft tissue per unit 

area. The change is computed using the oyster biometric variables, shown below and 

determined based on similar studies on oyster growth rate in the Chesapeake Bay. For the 

growth model’s time (t) variable, time steps are calculated in days. The oyster growth rate will 

be subject to the environmental variables (T) temperature, (DO) dissolved oxygen, (S) salinity, 

(TSS) total suspended solids, and (POC) particulate organic carbon (g m3). The mortality rate is 

assumed to only take into account mortality from hypoxic conditions and predation, as disease 

will not affect our design since we will be harvesting oysters for profit at a span of 3-5 years 

from spat. Due to the stratification of the environmental variables (such as temperature, DO, 

salinity, and TSS), the growth model will be assumed to have evenly mixed values throughout 

the total depth of the water column. This assumption is based on water quality data taken 

while out on the West and Rhode Rivers at two separate dates in order to avoid correlated 

data.  

Equation 7 [21]: Oyster Growth 

 

)())1((   BMORFIFPOCFrO
dt

dO
 

6.3.4 Filtration Rate 

The filtration rate of the oysters is determined through the oyster’s dependence on the 

water temperature, total suspended solids, salinity, and dissolved oxygen in the water. These 

Unit Value

Fraction Ingested IF 0.0 ≤ IF ≤ 1.0 0.12

Basal Metabolic BM d^(-1) 0.008

Respiratory Fraction RF 0.0 ≤ RF ≤ 1.0 0.1

Assimilation Efficiency α 0.0 ≤ α ≤ 1.0 0.77

Mortality Rate β d^(-1) 0.0026

Variable
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relationships are multiplied by the oyster’s max filtration rate, known to be 0.55 m3 g-1 d-1. Due 

to the oyster’s sensitivity to variations in these variables, the growth model is run using 

stochastic environmental variables representing the West and Rhode Rivers calculated from 

MDDNR water quality data taken over the past 26 years. Equations 9 – 12 list the equations 

relating to the four environmental variables. The following relationships affecting filtration rate 

are shown graphically in figures 24 – 27. 

Equation 8: Filtration Rate 

max*)(*)(*)(*)( FrWTfTSSfDOfSfFr   

Equation 9: Salinity 
))5.7tanh(1(5.0)(  SSf  

Equation 10: Dissolved Oxygen 

  

f (DO)= 1+ exp 3.67× 1.0 -DO( )( )( )
-1

 

Equation 11: Total Suspended Solids

 
f (TSS) =

0.1 when TSS < 5 g m-3

1.0 when 5 g m-3 < TSS < 25 g m-3

0.2 when 25 g m-3 < TSS < 100 g m-3

0.1 when TSS > 100 g m-3

ì

í

ï
ïï

î

ï
ï
ï

 

Equation 12: Water Temperature 

f(WT) = exp(-0.015 × (T-27)2) 
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Figure 24: Water Temperature 

 

 

 

Figure 25: TSS Concentration 

 

 

Figure 26: Salinity 
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Figure 27: Dissolved Oxygen 

 

6.4 Growth Model Output 

The growth model was run using Monte Carlo analysis for a period of 10,000 iterations, 

and then evaluated at a confidence interval of 95% to determine the probability of an oyster 

reaching market size within the West and Rhode Rivers within 1-5 years. Due to stakeholder 

feedback on the expected oyster growth rate in the Chesapeake Bay area [31], a probability of 

79% is expected in the West and Rhode Rivers for market sized oysters by the third year. 

 

Figure 28: Cumulative Probability of Time for Oysters to Reach Market Size 
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6.4.1 Growth Model Validation 

The growth model was validated through comparison of the salinity and dissolved 

oxygen random variable output with the average values taken monthly from the Rhode River 

over the past 26 years. The random variables were based on a normal distribution with 

associated mean and standard deviation for each month of the year. The growth model, 

adapted to output the environmental variables generated each month, was run a total of 

1,000,000 iterations in order to ensure statistically significant model values when comparing to 

the data (α = 0.01). Figures 29 and 30 show the data sets evaluated for dissolved oxygen and 

salinity. The relative error between the model and data points was found to be 26.7% for 

dissolved oxygen and 18.2% for salinity. The large error in dissolved oxygen can be attributed to 

the difference between watershed DO levels and bay DO levels, as the model used data from 

Horseshoe Point (CB4.1W in Fig. 29) for variable generation whereas the validation data is 

taken from the Rhode River station (WT8.2 in Fig. 30). 

 

Figure 29: Salinity Graph – Observed vs. Modeled 
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Figure 30: Dissolved Oxygen Graph – Observed vs. Modeled 

 

6.4.2 Growth Model Risks  

The largest risk associated with the growth model is the variability of environmental conditions 

simulated.  Regarding the stochastic nature of the West and Rhode Rivers, the growth model 

will attempt to mitigate an incorrect analysis of environmental variables by attributing 

distributions to each environmental variable and then running a Monte Carlo model in order to 

determine probability coefficients associated with the survivability of oysters and the effect on 

their growth rate.  This will also allow the business model to adapt to varying conditions based 

on these probabilities from future analysis. 

6.5 2-D Tidal Mixing Model 

6.5.1 Overview 

The purpose of the 2DTMM is to determine which amount of oysters will filter the 

largest percentage of nutrients based on the lease location suggested in the system design. The 

model that was developed for last year’s method of analysis will be adapted this year in order 

to measure the filtration rate of the eastern oyster after the biomass has been calculated in the 

growth model.  The initial conditions for nutrient load, tidal flow, and oyster clearance rate and 

biomass will be to run the model, which will then be input into nine cells that represent 

separate segments of the WRR.  The surface area (m^2), Average Depth (m), and Volume (m^3) 
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of each cell were calculated in conjunction with the Virginia Institute of Marine Science from 

the previous project.  These values will be used to determine the concentration of various 

environmental values per unit area, such as Nitrogen and Phosphorus load.  The tidal flow will 

then be used to simulate the transfer of nutrients between each cell and is derived from several 

mass-flow equations computed from the mean tide rate.  The oyster clearance rates used for 

the 2DTMM are based on four environmental variables, those being salinity, dissolved oxygen, 

temperature, and total suspended solids. Although these variables are stochastic in the growth 

model, the 2DTMM uses the average values of these environmental variables.  This prevented 

Monte Carlo analysis to be conducted on the 2DTMM, although the model was run as various 

oyster capacity levels in order to determine the variation of filtration levels compared to oyster 

maximum capacity.  

The 2DTMM is a simple segmented tidal mixing model that predicts the state variables 

after every tide cycle.  The continuous tide flow process is modeled in discreet time step of 1.5 

hours.  This duration was selected because the tide cycle (12 hours) travels through eight 

segmented cells total so the time in each cell is 1.5 hours.  The model was then run for a 

duration of 5 years, or a total of 1,825 tide cycles. At the end of every tide cycle, the state 

variables are stored and used in the next tide cycle iteration. 

6.5.2 Assumptions 

 Nutrient, TSS, and salinity concentrations are uniform throughout each cell.  This is due to the 

complete and turbulent mixing that occurs.  This mixing is common in shallow estuaries.    

 Wind shear and evaporation are negligible.  Wind shear can have effects on water mixing 

estuaries but it is often negligible and very stochastic. 

 Rainwater volume is negligible.  Added rainwater would have to be accounted for in the volume 

conservation and is negligible compared to the sub-estuary volume. 

 Tide flow into each cell occurs instantaneously and it completely flows into cell 1 before flowing 

into cell 2 and so on.  This allows the modeling of a continuous system in a discrete manner. 

 The Chesapeake Bay’s volume is considered limitless, therefore the sub-estuaries’ output 

concentrations do not affect the Chesapeake’s concentration. 

 Filter-feeders are adult sized and are distributed uniformly within the cell 
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 Watershed loads of nitrogen, phosphorus, and TSS are uniformly dispersed over time. 

6.6 2DTMM Inputs 

6.6.1 Cell Attributes 

The cell attributes consist of salinity, water temperature, cell volume, cell tide volume, 

and dissolved oxygen.  These cell attributes may vary from one cell to another and these values 

are used in the filtration rate equations for oysters. The West and Rhode River segmentation is 

shown in figure 31, the blue arrows represent the tidal exchange between cells and the Bay.  

The red arrows are stream input into the rivers.  The Rhode River is segmented into cells 1-4.  

The tide flow in process for the Rhode River is: Bay → Cell 1 → Cell 2 → Cell 3 → Cell 4.  The tide 

flow out process is: Stream → Cells 4; Cell 4 → Cell 3 → Cell 2 → Cell 1 → Bay.  The West River is 

segmented into cells 5 - 9.  The tide flow in process for the West River is:  Bay → Cell 5 → Cell 6 

→ Cell 7 → Cells 8 and 9.  The tide flow out process is: Streams → Cells 8 and 9; Cells 8 and 9 → 

Cell 7 → Cell 6 → Cell 5 → Bay.  Also shown in are the locations of the Maryland Department of 

Natural Resources water quality monitoring stations Rhode River Station (WT8.2), West River 

Station (WT8.3), and one of the Chesapeake Bay monitoring stations (CB4.1W) which is used for 

environmental variable data generation. 
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Figure 31: 2DTMM Cells and River Flow 

 

The cell volumes were calculated by multiplying the cell surface area by the average cell 

depth.  The cell surface areas were calculated using ArcGIS software and the river depth 

measurements were obtained from the National Oceanic and Atmospheric Administration.  

Table X shows the breakdown of cell volumes in cubic meters.  The Rhode River contains cells 1 

through 4 and the West River contains cells 5 through 9.  The cell volumes drop off due to the 

fact that the sub-estuary depth also drops off the further into the sub-estuary they are located.  

The tide volumes for each cell were also calculated using the same method used in calculating 

the cell volume.  To calculate the tide volume the surface area of the cell was multiplied by the 
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mean difference in tide heights of 0.3 meters.  The cell and tide volumes were calculated in 

cooperation with VIMS to ensure the values were accurate. 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Cell Attributes 

6.6.2 Tidal Flow 

The tide flow is calculated as the difference between the mean high tide and the mean 

low tide.  Data from six months of high and low tides was used to calculate the mean difference 

in tide heights.  This was calculated to be 0.3 meters and is consistent with calculations made 

by Gallegos 1992 and Jordan 1983, 1996.  Also included in the tidal flow input are the Bay 

background concentrations of nitrogen, phosphorus, and TSS.  The data was calculated using 

Maryland Department of Natural Resources data from a collection point at CB4.1W.  The 

modeling equations for the tidal flow of water being exchanged by cells are the same for all 

concentration measurements.  The following example shows the nitrogen concentration 

calculations for one tide cycle for cells 1-4 (Rhode River).  The model uses the same equations 

to determine the concentration of phosphorus and TSS.  These modeling equations are also for 

the West River simulations but do include a slight modification because cell 7 flows into cells 8 

and 9.  The removal coefficient Ai in is the percentage of nutrients or TSS removed for each liter 

of water processed. 

 

Cell Surface Area (m^2) Average Depth (m) Volume (m^3)

1 3,099,012 3.05 9,445,789

2 3,024,895 2.44 7,375,904

3 2,322,522 2.13 4,955,333

4 1,251,301 1.22 1,525,586

5 4,211,924 2.75 11,582,791

6 4,603,933 2.13 9,822,951

7 2,526,922 1.83 4,621,235

8 1,493,339 1.22 1,820,679

9 1,390,849 1.17 1,627,293

Total Volume 52,777,561
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Vn = Volume of Cell n (L)                                    FMC = River volume (L) 

Tn = Tide volume of Cell n (L)                             Bn = Bay Concentration of N (mg/L) 

Nn,i = N con of Cell n for time step i (mg/L)        Rn = River Concentration of N (mg/L) 

Sn,i = Sink amount in Cell n of type j  CRi= Clearance rate of sink j (L/ts) 

Ai = Removal coefficient   

Table 3: Modeling Equation Variables 

 

Equation 13: Tidal Flow Equations 

Bay to Cell 1:  N1,i+1= (N1,i·V1+ Bn·T1-An·S1,j·CRj)/ (V1+T1) 

  N2,i+1 = (N2,i·V2-An·S2,j·CRj) / (V2) 

  N3,i+1 = (N3,i·V3-An·S3,j·CRj) / (V3) 

  N4,i+1 = (N4,i·V4-An·S4,j·CRj) / (V4) 

 

Cell 1 to Cell 2: N2,i+2= (N2,i+1·V2+ N1,i+1·T2- An·S2,j·CRj) / (V2+T2) 

  N1,i+2= (N1,i+1· (V1+ T1) + Bn·T2 - N1,i+1·T2- An·S1,j·CRj) / (V1+T1) 

  N3,i+2 = (N3,i+1·V3-An·S3,j·CRj) / (V3) 

  N4,i+2 = (N4,i+1·V4-An·S4,j·CRj) / (V4) 

 

Cell 2 to Cell 3: N3,i+3= (N3,i+2·V3+ N2·T3- An·S1,j·CRj) / (V3+T3) 

  N2,i+3= (N2,i+2· (V2+ T2) + N1·T3 - N2·T3- An·S2,j·CRj) / (V2+T2) 

  N1,i+3= (N1,i+2· (V1+ T1) + Bn·T3 - N1·T3- An·S3,j·CRj) / (V1+T1) 

  N4,i+3 = (N4,i+2·V4 - An·S4,j·CRj) / (V4) 

 

Cell 3 to Cell 4: N4,i+4= (N4,i+3·V4+ N3,i+3·T4- An ·S4,j·CRj) / (V4+T4) 

  N3,i+4= (N3,i+3· (V3+ T3)+N2,i+3·T4 - N3,i+3·T4- An·S3,j·CRj) / (V3+T3) 

  N2,i+4= (N2,i+3· (V2+ T2)+N1,i+3·T4 - N2,i+3·T4- An·S2,j·CRj) / (V2+T2) 

  N1,i+4= (N1,i+3· (V1+ T1)+Bn·T4 - N1,i+3·T4- An·S1,j·CRj) / (V1+T1) 
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6.7 2DTMM Output 

 

 

The 2DTMM was run using two simulation parameters, those being IN(1 million oysters, 5 

years) and IN(10 million oysters, 5 years).  Figure 32 shows the amount removed from cell 4 in 

the Rhode River. This location was chosen because the oysters were placed in cell 1 due to the 

permitting constraints and only filtered the Rhode River in the simulation. The %TSS removed is 

shown due to TSS being representative of water clarity in the Rhode River. The output for 1 

million oysters over 5 years shows a %TSS removed of 1.66%, whereas a 10 million oyster 

capacity indicates a 10.36% TSS removed amount.  Based on previous results using the 2DTMM 

from last year’s project, the filtration rate of oysters is indicated to diminish after 10 million 

oysters.  This result is shown in figure 33. 

 

 

Figure 32: Rhode River 2DTMM Output – Total Suspended Solids Removed 
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Figure 33: 2DTMM Output – Weighted % Removed 

 

7.0 Business Model 
 The business model calculates the yearly cash flows and the probability of profit in 

yearly increments.  The inputs to the business model include the output from the growth 

model, costs of oyster operations, selling price of oysters, the amount of time the model will 

run, and the demand for oysters.  The prices used are listed in Appendix 5. 

7.1 Business Model Equation and Variables 

 The basic equation for the business model is: 

Equation 14: Business Equation 

Profit = Revenue – Cost 

However, there are several important revenue and cost input which will go into the model.  

They are listed in Appendix 5.   
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7.2 Business Model Assumptions 

 The business model made several assumptions.  First, the user inputs the total capacity 

desired for the aquaculture system. However, this amount does not all get planted in the first 

year because of the lag time between planting and selling oysters.  There is an anticipated three 

year delay from planting to selling.  The model divides the total number of oysters desired by 

five to determine the amount which will be planted for the first five years. If one million oysters 

are desired, 200,000 oysters would be planted the first year and an additional 200,000 would 

be planted the second year. This cycle would continue until the fifth year when the number of 

oysters in the water is estimated to be the same as the total capacity desired.  This will help 

spread cash flow throughout the business instead of on three year cycles.   

 Second, it is assumed that all of the oysters that are at market size at the beginning of a 

season (May) are sold that season.  In order to vary for demand, a sensitivity analysis was run 

on the price of the oysters to simulate the change in price and a change in the amount desired. 

 The demand of oysters is difficult to model.  In a study by the U.S Army Corps of 

Engineers, it was stated that there is no data on the price or consumption of raw oysters.  There 

is data on the wholesale price of oysters, but not with corresponding quantities.  The data used 

to model demand and price in their study was at the harvest stage of aquaculture.  The state 

has monthly reports of oyster harvest quantities.  The state wants to support an oyster market 

of 4.9 million bushels per year.  The current production is much less than one million bushels 

per year.  Therefore, it is assumed that all of the oysters that reach market size will be sold 

because the oyster production will still be well below the desired 4.9 million. (Appendix D Corps 

of Engineers paper)    

 Third, all of the oysters sold in a season are also replaced with new oysters that same 

season.  If 100,000 oysters are harvested and sold one season, then 100,000 will also be grown 

and replaced that season. 

 Fourth, the loan is assumed to follow the terms of the MARBIDCO and MDDNR loan.  

Financing for the purchase of oysters and shell may be obtained through MARBIDCO and the 

MDDNR.  The five year loan is interest only for the first three years with 40% forgiven at the 

beginning of the fourth year and a 5% interest rate for the remaining two years.  Loans for 

remote setting may also be available through MDDNR and additional loans may also be 
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obtained from local banks or grants may be obtained from various foundations.  The other part 

of the initial investment is assumed to be fronted by the watermen.  Eligible watermen are tidal 

fishing license holders.  Watermen must also have at least 10% borrowing equity.  Boats and 

other existing purchases may contribute to this requirement.  The borrower must also have a 

credit score of 620 with no recent history of bankruptcy and must provide a copy of last year’s 

tax return.  If the loan fails the only consequence for the watermen may be the loss of the 

MDDNR permit.  (McHenry, MARBIDCO) 

 Fifth, the discount rate used was assumed to be 2% (Wieland). 

 Sixth, the remote-setting setting rate was assumed to be 10%, so the amount of oysters 

needed was 10 times the amount desired.  Nursery was assumed to be 1.5 times as many 

needed.  Spat-on-Shell was assumed to be 1.3 times as many needed. 

 Seventh, the business model was run for a period of five years for 10,000 iterations.   

 Eighth, the input from the growth model is a distribution of the probability of oysters 

reaching market size in a certain number of years.  The growth model was run one million times 

and from these runs the probability of the oysters reaching market size in 1,2,3,4, or 5 years 

was determined from the frequency plot of the runs.  These probabilities were then used in the 

business model.  The model would generate a random number.  The number correlated to a 

particular year based on the probabilities.  Therefore, in each season either all of the oysters 

reach market size or none of the oysters reach market size. 

Ninth, the net present value (NPV) was calculated using a discount rate of 2% and a 

hurdle rate of zero.  However, the program is coded such that before each run the user may 

choose to change either of these parameters.  The inflow is the amount of money coming into 

the business in year, t, and the outflow is the amount of money being spent in year, t.  The k is 

the hurdle rate of the project.  The hurdle rate is the required rate of return desired by the 

investor or other parties.  The p is the discount rate which accounts for the inflation of money 

over time. 

Equation 15: Net Present Value 

(Inflow - Outflow)*[1/(1+k+p)t 

Tenth, the return on investment (ROI) was calculated using the equation: 
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Equation 16: Return on Investment 

[(Total Inflow – Total Outflow) – Total Outflow]/Total Outflow 

 

The ROI is a ratio of the all of the investments made to year t .  The ratio represents the 

additional amount of money that has been made.  A ratio value of 1 represents doubling the 

amount of outflow spent for year t. 

7.3  Results from the Business Model 

 The results of the business model clearly show that half-shell is the most profitable 

method for selling oysters.  Figure 34 is a graph of the average ROI in 5 years.  The remote 

setting alternative has the highest ROI at each increment of the number of oysters planted.  As 

the number of oysters increases the gap between remote setting and the next best alternative 

of spat-on-shell grows to about 2 points different with the average ROI for remote setting at 

5.10, spat-on-shell at 3.34, and nursery at 3.05 with 10 million oysters planted.   

 The order of ranking is the same for shucked oysters.  However, the average ROI for 10 

million oysters is 1.04 for remote setting, 0.44 for spat-on-shell, and 0.35 for nursery.  The 

shucked alternative is not profitable at very small scales of operation.  There must be at least 

half a million oysters planted in order to result in a positive average ROI.   

 Economies of scale are evident in Figure 34.  Around the 3 to 5 million oyster mark the 

effects begin to taper off as the capital equipment is sufficiently paid and accounted for and the 

fixed costs are overcome by the number of oysters planted and sold.  

 The average yearly cash flows for one million oysters are shown in Appendix 6.  The 

three shucked alternatives have positive cash flows by year 3. The shucked alternative takes to 

year 4 for positive cash flows for the remote setting alternatives and until year 5 for nursery 

and spat-on-shell. 



 

 66 

 

Figure 34: Average ROI in 5 Years with 5% Error 

 Seven variables were adjusted in a sensitivity analysis.  The variables were selling price 

of the oysters, the hanging cage price, the shell price, labor price, and oyster cost from the 

hatchery.  All of the variables had a 30% increase of decrease in price or cost.  All other 

variables were held constant as the sensitivity analysis was conducted.  Figure 35 shows the 

results of the analysis on ROI and figure 36 are the results on the NPV.  The change in price has 

the most significant effect on the ROI with a 30% increase or decrease causing a positive or 

negative change of 36%.  An increase in cage price causes an 18% decrease in the ROI, but only 

has a 3% effect on the average NPV at year 5.  The labor price has an 8% change on ROI with 

the other variables have a minimal effect.  The effect on the NPV of all of these variables is very 

small. 
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Figure 35: Sensitivity of ROI in 5 Years for 5 Million Oysters Sold as Half Shell 
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Figure 36: Sensitivity of NPV in 5 Years for 5 Million Oysters Sold as Half Shell 

 The input of the growth model data is stochastic due to the changing environmental 

variables in the rivers.  Therefore, the frequency of ROI is charted if figures 37 and 38.  At year 3 

there is a 7% chance that there will be a negative ROI.  After year 5 there is no chance of 

making a negative ROI.  The risks of the operation are discussed in the next section. 

 

Figure 37: Frequency of ROI in 3 Years for 5 Million Oysters 
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Figure 38: Frequency of ROI in 5 Years for 5 Million Oysters 

7.4 Business Risks 
 

Risk and Risk Mitigation 

 Don Webster from the University of Maryland identified thirteen major risks involved in 

oyster aquaculture.  

Lack of Affordable Funding 

 The first risk is the lack of affordable financing.  The MDDNR has teamed up with the 

Maryland Agriculture and Resource-Based Industry Development Corporation (MARBIDCO) to 

offer financing for start-up and expansions on existing commercial aquaculture operations.  In 

2012 MARBIDCO had $650,000 available for loans.  In 2011, the first year of the program, 1.68 

million dollars in loans were approved.  The loans can range from $5,000 to $100,000 and are 

for the purchase of larvae or spat as well as shell or hard substrate.  As of now, no capital 

equipment may be bought with the loans.  The loan is unsecured, with the loss of the 

aquaculture lease as the only collateral risk, but the loans must be personally guaranteed.  

Borrowers must provide a 10% equity upfront.  Commercial boats or other aquaculture 
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purchases  can contribute to this requirement.  Borrowers must also have a credit score above 

620, have no recent bankruptcies, and provide a copy of the last year’s income tax return.  The 

borrower must also have an aquaculture plan, a business plan, and realistic cash flow 

projections.   The borrower must also be a Tidal Fishing License(TFL) holder and hold an 

aquaculture lease from the MDDNR or have applied for a lease. 

The loan is structured to account for the three year time delay between initially planting 

oysters and the expected time to grow to market size.  The first three years of the loan are 

interest only at 3% annual percentage rate (APR) interest.  If the borrower is still in good 

standing with the MDDNR, 40% of the loan will be forgiven at the beginning of the fourth year.  

The interest will also increase to 5% amortizing for the last two years of the loan.  All of the 

principle payments will be put back into a fund to further help others obtain loans and start 

aquaculture businesses.  

The MDDNR also announced the availability of $200,000 available for loans funding of 

remote setting operations.  The risk of affordable funding is mitigated through state funding of 

aquaculture projects.  The extensive growth and business models should also help contribute to 

the credibility of operations in the West and Rhode Rivers for obtaining funds from the state 

and other banks [31].  

Poor Market Research 

 There is a market for half-shell oysters.  It is important to establish contacts with 

wholesalers or other market place buyers before starting aquaculture operations. 

Poor Business Management Skills 

 Business management skills will vary based on the individual watermen.  However, the 

University of Maryland Extension (UME) and the Horn Point Laboratory (HPL) offer aquaculture 

and business training.  There are a number of classes, brochures, papers, templates, 

conferences, and trade shows available to help watermen.  Individual assistance is also 

provided.  HPL offers hatchery short courses to teach watermen methods for grow-out.  There 

is also a program where two specialists come to the watermen’s location and help them learn 

the remote setting process.  There are several organizations, people, and opportunities 

available to help mitigate the risk of poor business management [30].  
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Delays in Permitting 

 Delays in permitting can best be avoided by working with the MDDNR Aquaculture 

department as locations are being looked at and considered.  Along the way they will be able to 

warn of any potential delays or restrictions in the process for potential sites.  It is also 

important to talk with any adjacent landowners or public who will be affected by the lease 

before the public notification period.  If people know what the lease entails and how it will 

affect them before receiving the notification, the process will most likely progress without 

many delays.   

 There have been several institutional changes which have helped to mitigate the risk of 

delays in permitting.  In July of 2011, the permitting process for shellfish aquaculture became 

an easier process.  Previously permits were required from the MDDNR and the U.S. Army Corp 

of Engineers.  Now there is a joint application for both agencies [13], closing the gap between 

the state and federal lease process.  The MDDNR is now responsible for issuing shell-on-bottom 

and water column (cages and floats) leases in the Chesapeake and Maryland Coastal Bays. 

Another benefit of the new joint application is the option for applicants to get help from the 

Aquaculture Review Board including consultation and pre-planning of their application. 

Although this is a joint application, the lease application review process still requires review by 

both the MDDNR and U.S. Army Corp of Engineers.  Permits should take about 120 days to be 

granted as opposed to a much longer period before the joint application.  The permit can also 

be taken through a 60 day permit process if the lease is 50 acre bottom lease, 5 acre water 

column lease with cages, or 3 acres water column lease with floats.   

Zoning Problems for Shore Based Operations 

 Mitigating risks for zoning shore based operations are very similar to those taken in the 

delays for permitting.  An additional risk mitigation on the West and Rhode River is the current 

use of remote setting tanks by the Oyster Recovery Partnership on the West River.  Due to the 

current use residents should be more aware of what the operations entail.  This is however a 

land based operation.   

Lack of Available Shell for Bottom Stabilization 
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 The lack of available shell and the cost of the shell for bottom stabilization is a large part 

of the reason previous studies chose not to use oysters as a filter feeder.  However, this 

problem is avoided by using hanging cages. 

Lack of Aged Whole Shell for Setting 

 The lack of available shell is accounted for in the project through the utility function.  

The remote setting and spat-on-shell alternatives have significantly lower utility values for 

availability of shell because of their large need for shell each year.  The nursery alternative uses 

much less as it only needs crushed shell for the setting of oysters.  In talking with watermen and 

MDDNR officials the biggest problem is getting enough shell for bottom stabilization not in 

getting shell for setting.  

Poor Water Quality for Setting 

 Poor water quality for setting can be mitigated by choosing a location out of the 

conditionally restricted permitting area.  If this is not possible it is important to look at the 

MDDNR environmental variable data for the area being considered to determine the water 

quality.  The best way to avoid poor water quality is to avoid the areas with poor water quality. 

Lack of Food Availability 

 The project budgeted purchasing food for the oysters as part of the outflow expenses. 

Predation (spat and adult oysters) 

Disease 

One main reason for an aquaculture approach to growing oysters is to avoid disease in 

the oysters.  Oysters are typically more susceptible to disease after seven years of growth.  If 

oysters are taken out between one to five years, there is a much smaller chance of disease.  In 

fact, the growth model assumes there is no death due to disease.  The only death considered is 

to hypoxic conditions. 

Many scientists have worked to create disease resistant oysters.  Hatcheries sell both 

types of oysters.  The project budgeted to but disease resistant oysters to help mitigate this 

risk. 

 

 



 

 73 

Icing (surface culture) 

 Icing is a concern in the West and Rhode Rivers.  To mitigate problems with icing, a cage 

design was chosen which keeps the cages at least 6 feet below the surface of the water. 

Vandalism and Theft 

 Community policing is the best way to mitigate vandalism and theft.  The use of hanging 

cages will also slow theft, as the cages would need to be lifted with a winch.   

8.0 Value Hierarchy 
The value hierarchy will be used to evaluate the design alternatives.  The weights are modified 

from the 2010 to 2011 project group [1] through discussion with the WR Riverkeeper.  The two 

top level functions are to maximize public approval and to maximize sustainability.  Maximize 

sustainability can be broken down into return on investment and availability of shell. 

 

Figure 39: Value Hierarchy 

 Remote Setting is has the highest utility output followed by nursery and then spat-on-

shell all sold at half-shell.  The alternatives are the same for shucked.  Remote setting has the 

highest ROI at all levels of cost.  However, if public approval decreases 2% or more or if 

availability of shell increases 5% or more, the nursery alternative has the highest utility at all 

costs.  If public approval increases to 40% or more then spat-on-shell has the highest utility.  
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Figure 40: Cost vs. Utility 

9.0  Recommendations 
It is recommended an oyster aquaculture system be implemented in the West and 

Rhode Rivers.  While any amount of oysters will help decrease the turbidity of the river, 10 

million oysters is recommended to maximize the effects of filtration.  Due to the sensitivity of 

the weights on the utility function remote setting or nursery operations are recommended for 

obtaining oysters with the decision made by the watermen based on location, local public 

approval, and personal preference.  It is also recommended oysters be cleaned and packaged to 

be sold in the half shell market. 

 It is recommended watermen start with a pilot project of the aquaculture system at one 

million oysters.  The MDDNR will bear the cost of the oysters and shell as well as the training.  

The waterman may also be able to obtain grants to cover the cost of the capital equipment.  

The watermen would be able to test the system at very low cost and low personal risk.  After 
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two or three years, if the oysters are growing at a rate similar to the growth model of about an 

inch a year, the watermen should begin to scale up the operation.  If the  oysters are not 

growing as planned the watermen should evaluate if the environmental variables have been on 

the extremes of typical over the two or three years.  If the environmental variables have been 

typical it may be best to stop the operation.  However, if the variables are not typical it may be 

best to continue for a few more years to determine if the oysters will grow our according to the 

model under more typical conditions.   

10.0  Project Schedule 

10.1 Work Break Down Structure 

 The work for the project was broken down into six main categories including 

management, research, design, modeling, analysis, and report.  Each has several subcategories 

which are shown in Figure 41. 

 

Figure 41: Top-Level Work Break-Down Structure 
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10.1.1 Project Schedule 

 The project spanned two semesters from Fall 2011 to Spring 2012.  The majority of the 

research and design was completed in the Fall semester.  The model and analysis was done 

mostly in the Spring semester.  The management, reports, and powerpoints were worked on 

throughout the two semesters. 

 

Figure 42: Gantt Chart 

10.1.2 Critical Path 

 

Figure 43: Gantt Chart Representing Critical Path 
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The critical path, shown in red on Figure 43, was dependent on the SIEDS Conference 

and West Point Conference.  The critical path was dependent on the model.  Without the 

compilation and verification and validation of the model, the analysis and final proposal would 

not be able to be completed.  The project was completed on time in the end of April. 

10.2.3 Schedule and Cost 

 The project came in under budget while on schedule.   

 

Figure 44: Graph of Earned Value Management 
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Appendix 1: Links for Legal Permits 

Joint Application for Lease 
http://www.dnr.state.md.us/fisheries/oysters/pdfs/090310/Shellfish-Lease-Application_Final_9_2.pdf 
 
Supplemental Diagrams Required 
http://www.nab.usace.army.mil/Wetlands%20Permits/Aquaculture/SamplePlansAquaculture.pdf 
 
Water Column checklist of requirements 
http://www.nab.usace.army.mil/Wetlands%20Permits/Aquaculture/WaterColumnAquaculture_checklis
t_20110829.pdf 
 
Jurisdiction form 
http://www.nab.usace.army.mil/Wetlands%20Permits/JD/preliminaryJDform.pdf 
 

 
 

 

 

 
 

 
 

 
 
 

http://www.dnr.state.md.us/fisheries/oysters/pdfs/090310/Shellfish-Lease-Application_Final_9_2.pdf
http://www.nab.usace.army.mil/Wetlands%20Permits/Aquaculture/SamplePlansAquaculture.pdf
http://www.nab.usace.army.mil/Wetlands%20Permits/Aquaculture/WaterColumnAquaculture_checklist_20110829.pdf
http://www.nab.usace.army.mil/Wetlands%20Permits/Aquaculture/WaterColumnAquaculture_checklist_20110829.pdf
http://www.nab.usace.army.mil/Wetlands%20Permits/JD/preliminaryJDform.pdf
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Appendix 2: Environmental Variable Statistical Analysis Charts 

 

Figure 45: West and Rhode River Salinity Variable 
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Figure 46: West and Rhode River Dissolved Oxygen Variable 
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Figure 47: West and Rhode River pH Value Variable 
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Figure 48: West and Rhode River Nitrogen Variable 
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Figure 49: West and Rhode River Phosphorus Variable 
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Figure 50: West and Rhode River Total Suspended Solids Variable 

 

 

 

y = -0.0009x + 47.244 
R² = 0.0704 

0

20

40

60

80

100

October 1984July 1987April 1990January 1993October 1995July 1998March 2001December 2003September 2006June 2009

To
ta

l S
u

sp
e

n
d

e
d

 S
o

lid
s 

(m
g/

L)
 

Date (month/year) 

Rhode River TSS (1984 - 2011) 

y = -0.0007x + 42.252 
R² = 0.0362 

0

20

40

60

80

100

October 1984July 1987April 1990January 1993October 1995July 1998March 2001December 2003September 2006June 2009

To
ta

l S
u

sp
e

n
d

e
d

 S
o

lid
s 

(m
g/

L)
 

Date (month/year) 

West River TSS (1984 - 2011) 



 

 89 

 

 

Figure 51: West and Rhode River Surface Temperature Variable 
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Appendix 3: Field Data from West River 

Station Depth (ft) Temp (°C) 
Salinity 
(ppt) 

DO (%) 

DO 

(mg/L) pH SC (μS) 

W06 2 23.5 3.13 91 7.6 8.2 5.78 

  4 23.6 3.14 90.7 7.62 8.25 5.8 

  6 23.7 3.17 90.3 7.51 8.32 5.85 

  8 23.7 3.17 92.1 7.63 8.34 5.85 

  10 23.3 3.17 91.1 7.63 8.35 5.84 

  12 23.1 3.13 93.6 7.9 8.37 5.78 

W20 2 22.9 3.19 91.4 7.65 8.2 5.88 

  4 23 3.2 91.4 7.67 8.16 5.89 

  6 23 3.12 87.6 7.23 8.14 5.91 

  8 23 3.22 86.1 7.23 8.11 5.92 

  10 23 3.22 86.6 7.13 8.07 5.91 

  12 22.9 3.23 82.9 6.99 8.03 5.95 

  Average 23.23 3.17 89.57 7.48 8.21 5.86 

  Std 0.32 0.04 3.09 0.27 0.11 0.06 

        
Figure 52: Data from the West River Taken 9/16/11 
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Station Depth (ft) Temp (°C) 

Salinity 

(ppt) DO (%) 

DO 

(mg/L) pH SC (μS) 

W06 2 19.7 4.02 99 8.83 8.3 N/A 

  4 19.71 4.02 97.1 8.67 8.28 N/A 

  6 19.71 4.05 96.4 8.61 8.27 N/A 

  8 19.71 4.04 96 8.56 8.26 N/A 

  10 19.7 4.34 95 8.38 8.16 N/A 

  12 N/A N/A N/A N/A N/A N/A 

W20 2 19.75 3.85 99.1 8.82 8.39 N/A 

  4 19.74 3.86 97.4 8.7 8.35 N/A 

  6 19.74 3.85 97.1 8.68 8.34 N/A 

  8 19.74 3.85 97.1 8.67 8.33 N/A 

  10 19.74 3.86 97.1 8.68 8.32 N/A 

  12 N/A N/A N/A N/A N/A N/A 

CYC 1 20.03 4.17 90.3 8.05 8.66 N/A 

  6 19.88 4.23 90.2 7.94 8.63 N/A 

  Average 19.76 4.01 95.98 8.55 8.36 N/A 

  Std 0.10 0.17 2.90 0.28 0.15 N/A 

Figure 53: Data taken from the West River Taken 10/14/11 
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Appendix 4: Longline Culture System Equations 
 

Floatation = Dry body weight * [1 – (δfluid/δbody)] where: 

δfluid = fluid density (Kg/m3) 

δbody= body density (Kg/m3) 

Calculating the resistance force (R), which will maintain the body in static equilibrium, is a function of 

the speed of the fluid (v), the mass fluid density (δ), the fluid viscosity (μ), the drag coefficient (Cd) 

and the projected body area (A). This equation is as follows: 

R = ½ * Cd * A * δ * v2 

When calculating the size of the structural longline ropes, considerations including an evaluation of 

tensions in the mooring line, the safety factor, and the characteristics of the materials used, must be 

taken into account. The equation for the recommended length of the mooring line of the longline 

system is as follows: 

n = j * h, where: 

n = mooring-anchor rope length (m) 

j = constant (3.0 < j < 5.5) 

h = placement depth (m) 

Considering the forces on the extreme ends of the main line and the diagonal configuration that will be 

adopted by the mooring-anchor rope subjected to those forces can be used to calculate the tension of 

the mooring line. This equation is as follows: 

Tm-a = (Th
2 + Tv

2)0.5 , where: 

Tm-a  = mooring line rope maximum tension (N) 

Th = maximum horizontal tension in the main line (N) 

Tv = maximum vertical tension in the main line (N) 

Once this maximum tension on the mooring line rope is calculated, it is possible to determine the rope 

diameter (d) that is needed to handle the tension. Using the tension value for an approximate safety 

factor, the equation is as follows: 

d = (Tmax * Fs)
0.5 / Cr , where: 

d = rope diameter (mm) 

Tmax or Tm-a = maximum tension in the rope (N) 

Fs = safety factor 
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Cr = resistance constant (N/mm2) 

The calculation of the diameter of the anchor rope follows the same equation because during 

installation and relocation operations of the system, the anchor rope is used for tensioning the main 

line. After calculating the length, tension, and diameter of the mooring line, the same can be done for 

the main line using similar concepts. The desired production level and the implementation site 

characteristics determine the main line’s length. The production level is a function of the investment 

available, supply of oysters and market demand and will be quantified as an output of the business 

model. The main line length as well as design parameters including the separation between each cage 

structure, and stocking density of the cages are directly dependent on the production level desired. 

Because of this, it is important to accurately calculate the production level desired. To quantify the 

forces acting on the main line, calculations are based on the coordinates of one end of the main line. 

This equation is as follows: 

Th = Rh + Fh + To , where: 

Th = Horizontal force at the main line end (N) 

Rh = Hydrodynamic resistance of the main line and culture units (N) 

Fh = Horizontal force due to dynamic forces (N) (waves, winds) 

To = Horizontal force due to dynamic forces (N) (rope weight, biofouling weight) 

The next design calculation that is necessary in a longline culture system is the sizing of the anchor 

system. The main factors that generate hydrodynamic resistance are the growing units. The cages that 

hold the oysters produce a wall-like effect against water flow that creates a tension in the system that 

will be resisted by the mooring-line rope to the anchor system. The design and sizing of the anchor 

system must also consider the bottom conditions of the place where the longline system will be located. 

The important factors in determining the anchor system design characteristic are the slope and 

substrate type. Once these calculations are complete it is necessary to decide the type of anchor is 

sufficient for the specific place of implementation. [26] 
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Appendix 5: Business Model Costs 
  

Remote 
Setting 

          

INVENTORY           

ITEM  COST ($) UNIT Cost Per 
Million ($) 

CAPACITY SOURCE 

Recycled Shell  1.50  bushel 1,000.50  500 shells per bushel, 
333,500 shells per 
million set 

Parker et. al, 2011 

Larvae  260.00  million 2,600.00  Need 10 times the 
number of oysters 
desired to account for 
only 10% setting rate 

Parker et. al, 2011, 
Oyster Recovery 
Partnership 

Heater 600.00    600.00    Parker et. al, 2011 

Tank 1,500.00  per tank 1,500.00  3,000 gal. Parker et. al, 2011 

Blower 625.00  per 
blower 

 625.00    Parker et. al, 2011 

Pump 575.00  per 
pump 

575.00    Parker et. al, 2011 

Plumbing 400.00    400.00    Parker et. al, 2011 

Shell-washer 2,050.00  per unit 2,050.00    Parker et. al, 2011 

Sorting 
Machine 

 10,000.00  per 
machine 

10,000.00    Chesapeake Bay Oyster 
Company 

Food  150.00  per 1 
million 

150.00    Congrove, 2009 

 

Remote 
Setting 

          

OPERATIONS           

ITEM  COST  UNIT Cost Per 
Million 

CAPACITY SOURCE 

Labor 
Unskilled 

8 per hour 2080 260 hours per 1 million Parker et. al, 2011 
and Wieland, 2007 

Labor Skilled 500 per set  500 Set price per set Parker et. al, 2011 

Facility Rental 120 per 
month 

    Parker et. al, 2011 

Blower Electric 2.16 per day 21.6   Parker et. al, 2011 

Pump Electric 13.25 per day 132.5   Parker et. al, 2011 

Heater Electric 72 per day 720   Parker et. al, 2011 
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Nursery       

INVENTORY           

ITEM COST UNIT CAPACITY Cost per 
Million 

SOURCE 

Seed $9.10  per 1 
thousand 

  $9,100.00  Oyster Recovery 
Partnership 

Micro-cultch Shell $500  per 1 million   $500  Don Webster 

Floating Upweller $7,200  per 2 million   $7,200  Chesapeake Bay 
Gold Oysters 

Bucket Upweller $5,200  per 2 million   $5,200  Chesapeake Bay 
Gold Oysters 

Algae (Food) $150  per 1 million   $150  Congrove, 2009 

Pump Electric $13.25  per day for 23 
Days 

  $304.75  Parker et. al, 2011 

 

Nursery      

OPERATIONS           

ITEM COST UNIT CAPACITY   SOURCE 

Labor (Sorting) $8  per 1 million  2250 hours 
per 1 million 

18,000 Wieland, 2007 

 

Spat on Shell         

INVENTORY         

ITEM COST UNIT CAPACITY SOURCE 

Spat on Shell $12.85  per thousand $12,850.00  Oyster Recovery Partnership 

 

Spat-On-Shell         

OPERATIONS         

ITEM COST UNIT CAPACITY SOURCE 

Labor (Transportation) $8  1000 hours per 
1 million 

$8,000  Wieland, 2007 

 

 

 

 

 



 

 96 

 

Cage System      

INVENTORY           

ITEM COST UNIT CAPACITY Cost per Acre SOURCE 

Pyramid Anchor $320  1  $3,200 (2 per line)  http://www.jamestown
distributors.com/userpo
rtal/product.do?part=10
9544&BASE 

Trawl Float $16,250   1 million  Wieland, 2008 

Triple-stack Tray $120  per cage 3000 oysters $90,000  Chesapeake Bay Oyster 
Company 

Concrete 
Deadweight 

$25  per cage 1337 Ibs   http://www.concretenet
work.com/concrete/ho
wmuch/calculator.htm 

Sink Line $1,091   1 million  Wieland, 2008 

 

Cage System      

OPERATIONS         
  

  

ITEM COST UNIT CAPACITY COST PER 
MILLION 

SOURCE 

Labor (Placement) $8  per hour, 0.5 hours 
with four workers 
per cage 

One time set up 
cost 

5,344 Estimated based on 
other labor cited in 
Wieland, 2008 

Labor (Cleaning) $8  per hour, 0.25 
hours with 1 
watermen 

Monthly 668 Estimated based on 
other labor cited in 
Wieland, 2008 

 

Cost for All Systems     

ITEM COST UNIT CAPACITY SOURCE 

Transportation $165  per month  OysterNPV_Final 

Boat Maintenance $1,832  per 1 million  Wieland, 2008 

 $51  per day  Wieland, 2008 

Insurance $500  minimum  Daniel Grosse TerrAqua 
Environmental Science Policy 

 $1,000.00  Above 200K sold per 
year 

 Grosse 

 $2,500.00  Above 400K sold per 
year 

 Grosse 
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Appendix 6: Monthly Environmental Data 

January Values 

Variable Units Average Standard Dev. 

Temperature Celsius 2.63 2.06 

Dissolved Oxygen Mg/L 12.00 0.82 

Salinity Ppt 12.29 0.58 

Total Suspended Solids Mg/L 3.40 1.98 

Particulate Organic Carbon Mg/L 0.95 1.37 

February Values 

Variable Units Average Standard Dev. 

Temperature Celsius 1.87 1.07 

Dissolved Oxygen Mg/L 13.47 0.74 

Salinity Ppt 12.31 0.92 

Total Suspended Solids Mg/L 6.25 0.92 

Particulate Organic Carbon Mg/L 0.681 0.983 

March Values 

Variable Units Average Standard Dev. 

Temperature Celsius 5.68 1.54 

Dissolved Oxygen Mg/L 11.94 1.13 

Salinity Ppt 9.63 3.17 

Total Suspended Solids Mg/L 8.00 1.00 

Particulate Organic Carbon Mg/L 0.284 0.472 

April Values 

Variable Units Average Standard Dev. 

Temperature Celsius 11.22 2.13 

Dissolved Oxygen Mg/L 10.37 1.18 

Salinity Ppt 7.65 2.71 
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Total Suspended Solids Mg/L 7.43 1.59 

Particulate Organic Carbon Mg/L 1.122 0.79 

 

 

May Values 

Variable Units Average Standard Dev. 

Temperature Celsius 16.87 2.08 

Dissolved Oxygen Mg/L 9.34 1.78 

Salinity Ppt 8.06 2.78 

Total Suspended Solids Mg/L 5.70 1.18 

Particulate Organic Carbon Mg/L 1.35 0.714 

June Values 

Variable Units Average Standard Dev. 

Temperature Celsius 22.66 1.59 

Dissolved Oxygen Mg/L 7.27 1.26 

Salinity Ppt 9.41 2.25 

Total Suspended Solids Mg/L 10.78 7.20 

Particulate Organic Carbon Mg/L 1.57 1.13 

July Values 

Variable Units Average Standard Dev. 

Temperature Celsius 26.11 1.18 

Dissolved Oxygen Mg/L 7.02 1.52 

Salinity Ppt 10.39 2.25 

Total Suspended Solids Mg/L 9.52 9.05 

Particulate Organic Carbon Mg/L 1.65 1.03 

August Values 

Variable Units Average Standard Dev. 

Temperature Celsius 26.30 1.08 



 

 99 

Dissolved Oxygen Mg/L 6.78 1.46 

Salinity Ppt 11.72 2.45 

Total Suspended Solids Mg/L 6.47 2.34 

Particulate Organic Carbon Mg/L 2.16 2.07 

September Values 

Variable Units Average Standard Dev. 

Temperature Celsius 23.75 1.55 

Dissolved Oxygen Mg/L 6.95 0.92 

Salinity Ppt 13.66 2.49 

Total Suspended Solids Mg/L 4.98 0.89 

Particulate Organic Carbon Mg/L 2.19 3.03 

 

October Values 

Variable Units Average Standard Dev. 

Temperature Celsius 18.13 1.78 

Dissolved Oxygen Mg/L 8.14 0.79 

Salinity Ppt 13.95 2.54 

Total Suspended Solids Mg/L 7.70 3.03 

Particulate Organic Carbon Mg/L 1.49 1.88 

November Values 

Variable Units Average Standard Dev. 

Temperature Celsius 12.53 2.06 

Dissolved Oxygen Mg/L 10.63 1.18 

Salinity Ppt 15.61 1.09 

Total Suspended Solids Mg/L 14.40 14.14 

Particulate Organic Carbon Mg/L 0.79 0.83 
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December Values 

Variable Units Average Standard Dev. 

Temperature Celsius 6.88 0.52 

Dissolved Oxygen Mg/L 11.65 0.90 

Salinity Ppt 11.4 1.19 

Total Suspended Solids Mg/L 4.00 1.00 

Particulate Organic Carbon Mg/L 0.52 0.69 

 

Appendix 7: Work Breakdown Structure Chart 
WBS Task Start Date End Date Predecessor Assigned To 

1.0 Management 9/5/11 5/5/12  All 

1.1 Work Breakdown Structure 9/5/11 9/30/11  Amir 

1.2 Weekly Reports 9/5/11 5/5/12  All 

1.2.1 Work Accomplishment Sheets 9/5/11 5/5/12  All 

1.2.2 Time Sheets 9/5/11 5/5/12  All 

1.3 Meeting Minutes 9/5/11 5/5/12  Alan 

1.4 Budget 9/10/11 9/30/11  Amy 

1.4.1 Schedule 9/10/11 10/7/11  Amy 

1.4.2 Cost 9/10/11 9/15/11  Amy 

1.4.3 Earned Value Tracking 9/5/11 5/5/12  Amy 

2.0 Research 8/31/11 11/15/11  All 

2.1 Concept of Operations 8/31/11 11/1/11   

2.1.1 Background 8/31/11 10/15/11  Amy 

2.1.2 Context 8/31/11 9/17/11  Alan 

2.1.3 Problem Statement 9/5/11 9/22/11  Amy 

2.1.4 Need Statement 9/5/11 9/22/11  Amy 

2.1.5 Originating Requirements 9/5/11 10/20/11  Amy 

2.1.7 Stakeholder Analysis 9/15/11 11/1/11  Daniel 

2.2 Oyster 8/31/11 10/31/11  All 

2.2.1 Life-Cycle 8/31/11 10/20/11  Amy 

2.2.2 Filtering conditions 9/1/11 10/31/11  Daniel 

2.3 Legal 9/12/11 11/5/11   

2.3.1 Regulations 9/30/11 10/19/11  Amy 

2.3.2 Permits 9/12/11 10/19/11  Alan 

2.3.3 Business Laws 10/25/11 11/5/11  Amy 

2.4 Environment 9/5/11 10/19/11  Daniel 

2.5 Current Solutions 9/10/11 10/19/11   

2.5.1 Current hatcheries 9/10/11 10/19/11  John, Amir 

2.5.2 Current programs 9/10/11 10/19/11  John, Amir 

2.6 Business 9/6/11 11/15/11   

2.6.1 Market  9/6/11 10/31/11  Amir 
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2.6.1.1 Market Price 9/6/11 10/19/11  Amir 

2.6.1.2 Market Demand 9/6/11 10/20/11  Amir 

2.6.1.3 Market Location 9/15/11 10/30/11  Amir 

2.6.1.4 Current Competition 10/1/11 10/31/11  Amir 

2.6.3 Costs 10/7/11 11/15/11   

2.6.3.1 Oyster Purchase 10/7/11 11/10/11  Amir 

2.6.3.2 Equipment 10/7/11 11/15/11  John 

2.6.3.3 Watermen 10/12/11 11/10/11  John 

2.7 Field Research 9/16/11 10/14/11  All 

2.7.1 Water Samples from West 
River 

9/16/11 10/14/11  All 

3.0 Design 9/21/11 2/1/12  All 

3.1 Requirements 10/7/11 11/1/11  Alan 

3.2 Value Hierarchy 9/21/11 11/15/11  John  

3.2.1 Determine Value Hierarchy 
Weights 

11/15/11 2/1/12   

4.0 Model 10/3/11 1/30/12   

4.1 Stochastic 2DTMM 10/3/11 1/30/12  Daniel, Alan 

4.1.1 Determine Equations 10/7/11 10/14/11 4.1.2 Daniel, Alan 

4.1.2 Design Model 10/3/11 10/7/11  Daniel, Alan 

4.1.3 Collect Needed Data 10/7/11 10/19/11 4.1.2 Daniel, Alan 

4.1.4 Build Model 10/21/11 11/22/11 4.1.3 Daniel, Alan 

4.1.5 Verify Model 11/22/11 1/30/12 4.1.4 Daniel, Alan 

4.1.6 Validate Model 11/22/11 1/30/12 4.1.4 Daniel, Alan 

4.2 Oyster Growth Model 10/7/11 1/30/12  Daniel, Alan 

4.2.1 Determine Equations 10/7/11 10/14/11  Daniel, Alan 

4.2.2 Design Model 10/14/11 10/21/11 4.2.1 Daniel, Alan 

4.2.3 Collect Data 10/7/11 10/19/11 4.2.2 Daniel, Alan 

4.2.4 Build Model 10/21/11 11/4/11 4.2.3 Daniel, Alan 

4.2.5 Verify Model 11/5/11 1/30/12 4.2.4 Daniel, Alan 

4.2.6 Validate Model 11/5/11 1/30/12 4.2.4 Daniel, Alan 

4.2.7 Run Model 12/31/11 1/30/12  Daniel,Alan 

4.3 Business Model 10/7/11 1/31/12  Amy,Amir,John 

4.3.1 Business Plan 10/7/11 11/22/11  Amy,Amir,John 

4.3.2 Determine Equations 10/25/11 11/22/11  Amy,Amir,John 

4.3.3 Design Model 10/12/11 11/22/11  Amy,Amir,John 

4.3.4 Code Model 11/1/11 1/31/12  Amy,Amir,John 

4.3.4 Collect Data 10/3/11 11/11/11  Amy,Amir,John 

4.3.5 Build Model 11/1/11 11/22/11 4.3.4 Amy,Amir,John 

4.3.6 Verify Model 11/23/11 1/31/12 4.3.4 Amy,Amir,John 

4.3.7 Validate Model 11/23/11 1/31/12 4.3.4 Amy,Amir,John 

4.4 VIMS Model 12/7/11 2/1/12 4.1,4.2 Daniel, Alan 

4.4.1 Determine Simulation to run 12/7/11 12/30/11  Daniel, Alan 

4.4.2 Run Simulation 1/1/12 2/1/12  Daniel, Alan 

5.0 Analysis 11/15/11 3/13/12 3.0  

5.1 Trade-off Analysis  12/15/11 2/13/12  Amy,Amir,John 
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5.1.1 Business Solutions 12/15/11 2/13/12  Amy 

5.1.2 Sensitivity Analysis Business 
Model 

12/31/11 2/13/12  Amy 

5.2 Growth Model Analysis 11/15/11 1/25/12  Daniel, Alan 

5.2.1 Sensitivity Analysis 1/25/12 2/13/12  Daniel, Alan 

5.3 Cost-Benefit Analysis 1/10/11 3/13/12  Amy,Amir,John 

5.4 Long-Term Plan 1/10/11 3/13/12  Amy,Amir,John 

6.0 Reports 9/19/11 4/27/12   

6.1 Papers 9/19/11 4/27/12  All 

6.1.1 Sys 490 Papers 9/19/11 12/5/11  All 

6.1.1.1 Preliminary Project Plan 9/19/11 10/3/11  Amy 

6.1.1.2 Final Project Plan 10/3/11 10/24/11 6.1.1.1 Amy 

6.1.1.3 First Draft Proposal Final 
Report 

10/24/11 11/11/11 6.1.1.2 All 

6.1.1.4 Proposal Final Report 11/15/11 12/5/11 6.1.1.3 Amy 

6.1.1.5 First Draft – Draft Conference 
Paper 

10/31/11 11/15/11 6.1.1.4 All 

6.1.1.6 Draft Conference Paper 11/15/11 12/5/11 6.1.1.5 Amy 

6.1.2 SIEDS Conference Paper 1/10/12 4/27/12  All 

6.1.2.1 Draft - SIEDS Abstract 1/10/12 2/6/12 6.1.1.4 All 

6.1.2.2 SIEDS Abstract 2/6/12 2/13/12 6.1.2.1 Alan 

6.1.2.3 Second Draft- SIEDS 
Conference Paper 

2/1/12 4/1/12 6.1.1.4 All 

6.1.2.4 SIEDS Conference Paper 4/9/12 4/27/12 6.1.2.3 Amy 

6.1.3 West Point Conference Paper 1/15/12 4/27/12  All 

6.1.3.1 Draft – West Point Paper 1/15/12 4/9/12 6.1.1.4 All 

6.1.3.2 West Point Paper 4/9/12 4/27/12 6.1.3.2 Amy 

6.2 PowerPoint Presentations 9/19/11 4/23/12   

6.2.1 Sys 490 Presentations 9/19/11 4/23/12  All 

6.2.1.1 Preliminary Project Plan 9/19/11 10/3/11  Daniel 

6.2.1.2 Final Project Plan 10/3/11 10/19/11 6.2.1.1 All 

6.2.1.3 Draft – Proposal Final Report 10/19/11 11/22/11 6.2.1.2 All 

6.2.1.4 Proposal Final Report 11/22/11 12/2/11 6.2.1.3 Amy  

6.2.2 SIEDS Presentations 3/1/12 4/23/12  All 

6.2.2.1 Draft SIEDS – Presentation 3/1/12 4/12/12 6.2.1.2 All 

6.2.2.2 SIEDS Presentation 4/15/12 4/23/12 6.2.2.1 All  

6.2.3 West Point Presentations 3/1/12 4/23/12  All 

6.2.3.1 Draft West Point Presentation 3/1/12 4/12/12 6.2.1.2 All 

6.2.3.2 West Point Presentation 4/15/12 4/23/12 6.2.3.1 All 

6.4 Posters 11/16/11 04/20/12   

6.4.1 First Draft – Draft Poster 11/16/11 11/22/11 6.1.1.2 Alan 

6.4.2 Draft Poster 11/30/11 12/5/11 6.4.1 Alan 

6.4.3 Second Draft –Poster 3/22/12 04/1/12 6.4.2 Alan 

6.4.4 Final Poster 4/12/12 04/19/12 6.4.3 Dan 

6.4.5 Print Final Poster 4/20/12 04/20/12 6.4.4 Amy 

 



 

 103 

 

Appendix 8: Average Yearly Cash Flows for Each Alternative at 1 Million 

Oysters 
 

RS HS       

  Inflow Outflow NPV 

Year 0 $2,160.30 $34,673.62 -$32,513.32 

Year 1 $34,662.80 $52,432.62 -$18,058.91 

Year 2 $110,902.05 $71,193.03 $37,187.96 

Year 3 $236,999.27 $92,610.98 $135,829.57 

Year 4 $413,422.55 $115,646.41 $277,536.24 

Year 5 $636,967.26 $123,368.98 $473,013.00 

 

RS Shucked       

  Inflow Outflow NPV 

Year 0 $2,160.30 $34,673.62 -$32,513.32 

Year 1 $12,994.47 $52,432.62 -$39,302.37 

Year 2 $38,407.55 $71,193.03 -$32,908.03 

Year 3 $80,439.96 $92,610.98 -$13,482.57 

Year 4 $139,247.72 $115,646.41 $19,565.54 

Year 5 $213,762.62 $123,368.98 $80,061.41 

 

Nursery 
HS       

  Inflow Outflow NPV 

Year 0 $14,150.60 $38,562.93 -$24,412.33 

Year 1 $46,653.10 $58,347.15 -$11,943.42 

Year 2 $122,892.35 $81,373.96 $39,202.71 

Year 3 $248,989.57 $116,622.91 $124,811.06 

Year 4 $425,412.85 $158,650.17 $248,972.21 

Year 5 $648,957.56 $180,679.50 $431,490.90 
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Nursery 
Shucked       

  Inflow Outflow NPV 

Year 0 $14,150.60 $38,562.93 -$24,412.33 

Year 1 $24,984.77 $58,347.15 -$33,186.89 

Year 2 $50,397.85 $81,373.96 -$30,893.28 

Year 3 $92,430.26 $116,622.91 -$24,501.08 

Year 4 $151,238.02 $158,650.17 -$8,998.49 

Year 5 $225,752.92 $180,679.50 $38,539.31 

 

Spat HS       

  Inflow Outflow NPV 

Year 0 $0.00 $35,988.80 -$35,988.80 

Year 1 $32,502.50 $55,043.25 -$22,804.44 

Year 2 $108,741.75 $76,929.53 $29,437.94 

Year 3 $234,838.97 $108,426.97 $118,581.42 

Year 4 $411,262.25 $143,182.89 $249,460.17 

Year 5 $634,806.96 $159,747.19 $436,928.71 

 

Spat 
Shucked       

  Inflow Outflow NPV 

Year 0 $0.00 $35,988.80 -$35,988.80 

Year 1 $10,834.17 $55,043.25 -$44,047.90 

Year 2 $36,247.25 $76,929.53 -$40,658.05 

Year 3 $78,279.66 $108,426.97 -$30,730.71 

Year 4 $137,087.42 $143,182.89 -$8,510.53 

Year 5 $211,602.32 $159,747.19 $43,977.12 
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Appendix 9: Additional Cage Design  

Although the idea of oyster cages suspended in the water has been around for more 

than 300 years, it wasn’t until the mid 1900’s that the Japanese developed a special culture 

structure with the main goal of creating an artificial environment to grow aquatic species in a 

vertical water column. Their design was a great advance in the optimization of the production 

per unit of surface area, which is an important aspect to take into consideration when trying to 

design a system that will be profitable.  This basic design, inspired by the Japanese system, is 

commonly used for scallops and oyster commercial aquaculture, with some modifications 

based on the location of implementation.  

This Japanese inspired system, which belongs to a general class of culture systems 

known as longline systems, consists of three subsystems including the mooring-anchor system, 

the floatation system, and the growing system, all assembled from materials such as ropes and 

buoys. An example of a longline system that has been designed for implementation by the 

Universidad Católica del Norte in Coquimbo, Chile, as shown in Figure 23 [26].  

 

 

Figure 23: Longline Culture System 

  

 As seen in Figure 23, the three subsystems of the longline system work together to 

provide a place for oysters to safely and efficiently grow in the water. The mooring-anchor 

system (numbers 7, 8 & 9 in the diagram) is used to stabilize the system against the effects of 

dynamic stresses, both vertical and horizontal, to which the longline is continually being 

subjected to in the water.  The floatation system (numbers 3, 4, 5, 6 & 10 in the diagram) is 

used to maintain the suspension of the culture system, and is usually composed of different 

kinds of buoys with varying sizes and capacities. The growing system (numbers 1 & 2 in the 

diagram) is used to contain and grow the oysters. 
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To adapt this system for specific implementations, it is necessary to know the depth of 

placement, the current speed of the water, the longline flow exposure area, the respective drag 

coefficients, and an estimate of the fouling growth on the system. The currents, waves, wind, 

system weight and management operations are the main variables that determine the 

dimensions and the magnitude of the stress that acts upon the longline system’s structures. 

Horizontal tension, caused by currents and wind, cause maximum tension on each of the 

extreme ends of the longline and are measured through the hydrodynamic resistance of the 

longline’s structures. The magnitude of this force depends on the current water or wind speed 

and the exposure area of the structure. Waves create both horizontal and vertical tensions, and 

both are maximum a the water’s surface, and get progressively less strong under the surface of 

the water. The weight of the system, including the oysters, fouling, ropes, etc., provides 

gravitational forces that need to be compensated for through the addition of floats. Finally, 

operational management cannot be forgotten when designing a longline system. This is 

because the longline must be lifted out of the water and onto a boat for seeding, material 

changes, or harvest, and also when it is necessary to move or relocate the anchor and mooring 

systems. An example of this can be seen in Figure 24. 

 

Figure 24: Example of Hanging Cages[29] 

 

When designing a longline system, the primary design challenge is to identify and 

evaluate the forces that are present on and in the longline. This is needed to determine the 
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strength needed for the longline’s structure to resist the natural forces and the culture labor 

risk. With sufficient data, it is possible to design a longline system to meet a specific goal and 

environmental conditions. Forces that need to be taken into consideration include: buoyancy 

force, floatation or gravity force and resistance force. For the buoyancy force, in accordance 

with Archimedes Principle, all bodes, either totally or partially immersed in a fluid of density (δ) 

experience an upward force.  Floatation force is directly related to the buoyancy force, as the 

floatation of a body will depend on the balance that exists between the buoyancy force 

(upward force) and the body weight (downward force). Because of this, it is possible to obtain 

the other force, a result of the addition of both forces, which is called floatation. The equation 

for this is as follows: 

Floatation = Dry body weight * [1 – (δfluid/δbody)] where: 

δfluid = fluid density (Kg/m3), δbody= body density (Kg/m3) 

 The number of cages needed will depend on the number of market-sized oysters that 

are needed. If 1 million are anticipated, taking this number and dividing it by the average 

number of market oysters that can be contained in a single cage will calculate the total number 

of cages needed.  This is estimated to be around 667 cages (or about 160 – 200 lines with 3-4 

cages on each). By multiplying the number of lines with cages with the cost of a line with cages, 

we will be able to estimate the total equipment costs to implement this design alternative. It is 

also important to note that because of the uneven growth rates, not all oysters will grow to 

market size at the same time. This is taken into account in the range of equipment costs.   

 Another equipment cost that needs to be considered is the cost of the boats with 

necessary equipment to pull these lines out of the water for cleaning and harvesting. A boat 

with a gaff and winch might be needed depending on the calculated weight of the lines with 

cages because the current boats used by watermen will most likely not be suitable for this 

process.  Once the oysters have reached market size and are ready to be harvested, it is 

necessary to sort and clean them. While this process can be done manually, a sorting table with 

cleaning attachments can expedite this process and process a bushel of oysters in about one 

minute. These sorting machines are estimated to cost around $8,000 [8].   

 


