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Estimated costs for oyster aquaculture production
A study of the impact of 4 types of financing (i.e. self-finance, traditional bank loan, specialized loan for aquaculture that features an interest-only period and partial-principle forgiveness, and payment for nutrient removal ecosystem services) on the profitability success of aquaculture operations in Chesapeake Bay included itemization of costs incurred by oyster farm operations (Table 1).  The study included analysis of bottom and water column (cage) culture operations. Although separate models were developed for oyster bottom-culture and water-column culture methods, some data and model assumptions are common to both types of operations (Table 1).  The costs to Chesapeake Bay oyster growers are assumed to be relevant to the GBP oyster growers though costs for specific items may vary dependent on type (bottom vs water column) and size of operation; this is meant to provide information about other costs that could be incurred by GBP oyster growing operations.

Table 1.  Common values used in model analysis of profitability calculations for bottom-culture and water-column oyster production in the Maryland Chesapeake Bay. (from Parker 2019)

	Operating Cost Assumptions
	Value 

	Market-Size Oysters Per Bushel
	275 

	Retail Containers for Half-Shell Market
	100 count box

	Cost Of Retail Containers for Half-Shell Market
	$1.00 per box

	General Labor Rate
	$12.50 per hour

	Supervisory/Owner Labor Rate
	$20.00 per hour

	Supervisory/Owner Operator Labor Hours Per Week
	40

	Unemployment Insurance Tax
	2.6% of payroll

	Federal Insurance Contributions Act (FICA)
	6.2% of payroll

	Workman's Comp
	5% of payroll

	General Liability Insurance
	$1,000 per $150,000 in revenue per year 

	Boat Insurance
	$600 per boat per year

	Auto Insurance
	$683 per auto per year 

	Repairs and Maintenance
	1% of variable costs – employment expenses

	Overhead
	3% of variable costs




Costs of reef restoration in Great Bay Piscataqua River Estuary
Restoration of oyster populations has been a major goal for New Hampshire management agencies since the 1990s (NHEP 2000). The most widely used technique for restoration of oyster reefs in most areas has been the placement of shell or other "cultch" material directly onto existing reefs (or areas thought to be potentially productive oyster bottom) to provide suitable substrate for natural settlement of spat. This well-tested method has been shown to be effective as well as relatively inexpensive (Table 2). Costs for reef restoration in GBP are higher than costs in Chesapeake Bay where restoration costs are $25,000 per acre for comparable spat-on-shell method of restoration. However, in locations where bottom conditions require addition of substrate the cost increases to $125,000 per acre (Maryland Interagency Oyster Restoration Workgroup of the Sustainable Fisheries Goal Implementation Team 2015).


Table 2: Estimated costs for restoration of 1 acre of oyster bottom based on budget for the present project. (from Grizzle et al. 2006)
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The FARM model and Individual oyster model for Crassostrea virginica	
This is a summary of the FARM model generally, and the calibration for Long Island Sound specifically; the GBP oyster modeling used the FARM model that was calibrated for Long Island Sound. Additional details can be found in Ferreira et al. (2007) and Bricker et al. (2015, 2018).

The Farm Aquaculture Resource Management (FARM) model (Figure 1) combines physical and biogeochemical models, bivalve growth models, and screening models to determine shellfish production and for eutrophication assessment at the farm scale (Ferreira et al. 2007).  Water properties are transported both horizontally and vertically in the model, but the vertical component only applies to suspended culture. The model is driven by peak (i.e. mid-tide) current speeds measured in situ for both spring and neap tides, and uses an interpolation to generate the full semi-diurnal (or diurnal, where applicable) cycle for both height and velocity, and the change of amplitude through the lunar cycle. Velocities are not residuals, and the tidal height and velocity are calculated explicitly for each model timestep (Ferreira et al., 2007). The model calculates the phytoplankton and detrital carbon removed by shellfish (gross) as water and ‘food’ passes through the lease area (Figure 2), then converts those values to nitrogen and deducts losses due to pseudofeces, feces, excretion, mortality, and spawning. The mass balance provides a value for net removal of nitrogen from the water column by the population of oysters, which effectively equates to a drawdown of phytoplankton, i.e. of one of the primary symptoms of eutrophication (Figure 4).  The general formulation used in FARM for modelling pelagic state variables in a suspended culture system is given in Eq. (1):
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Where:
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The third term in Eq. (1) is a general representation of sinks and sources associated with shellfish growth. This term may be a sink for e.g. DO or CHL, a source e.g. for excreted NH4, or both for e.g. POM and other particulate matter, which may be removed during ingestion and returned to the system as pseudofaeces and faeces.
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Figure 1. Conceptual scheme of the various components of the FARM model. The model core is within the dotted rectangle, the two screening models are external. (from Ferreira et al. 2007)
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Figure 2: Farm layout (bottom culture) for the Farm Aquaculture Resource Management Model. Chl a = chlorophyll a, POM = particulate organic matter. (from Ferreira et al. 2007)


The model relies on an individual model for oyster growth and oyster associated environmental effects in order to simulate oyster aquaculture and bioextraction. The model is calibrated to a waterbody using data on individual local oyster growth rates. An individual model for the Eastern oyster (diploid) was developed using the AquaShell generic framework (Silva et al., 2011) which uses a net energy balance approach with morphometric formulations adjusted to the Long Island Sound study site to simulate local oyster growth (Bricker et al., 2015, 2018). The individual oyster growth model for Crassostrea virginica was calibrated and validated using experimental and field results from Bricker et al. (2015), together with data from Loosanoff (1947), Loosanoff and Nomejko (1949), Bricelj et al. (1992), Shaw and McCann (1963), and Zarnoch and Schreibman (2012). Experiments showed that oysters cleared 3.27-4.26 L hr-1 g dry weight-1, and assimilation efficiencies of 53-55% (Galimany et al., 2011).  There was a good fit between the model predicted shell length (mm), total fresh weight (g) and tissue dry weight (g), observed data from Bricker et al. (2015) and the literature. The calibrated and validated individual model was integrated into the FARM model to simulate production and changes in relevant environmental parameters (e.g. DO, CHL, NH4) associated with the oyster farm (Figure 3). FARM incorporates all required processes and the models build those into a population model that includes losses from spawning and mortality. 
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Figure 3: AquaShell Eastern oyster growth model example - Growth simulation mass balance. Oysters feed on algae / detritus, excrete and produce feces and pseudofeces. This mass balance of filtration uptake and losses from excretion, feces, pseudofeces, mortality and spawning provides production and environmental effects allowing population scale models to examine top-down control of eutrophication. (From Bricker et al. 2015)
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Figure 4: Mass balance and nutrient emissions for potential nutrient credit trading for clam aquaculture in Ria Formosa. Note that N removal is based on the balance of ingestion of phytoplankton and detritus minus excretion, feces, and mortality. (from Ferreira et al. 2009)

Comparative costs for various categories of nitrogen removal strategies
A previous study (Rose et al. 2015) compared information on cost-effectiveness of available best management practices from eight studies and converted to a common currency (i.e., USD lb-1 nitrogen removed). Nitrogen removal strategies were grouped into one of six categories: shellfish, agricultural, urban stormwater, wastewater treatment upgrades, wetlands, and other (Table 3). The range of reported cost-effectiveness was several orders of magnitude for each category of best management practices. The range of potential costs for shellfish aquaculture as a nitrogen removal strategy was similar to that of the other best management practices.

Table 3: A summary of reported costs for six categories of nitrogen removal strategies. Reported costs have all been converted to USD lb-1 nitrogen. (from Rose et al. 2015).
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Comparative removal efficiencies for various categories of nitrogen removal strategies
A previous study compared nitrogen removal rates from several best management practice strategies where data were available (Stephenson et al. 2010). 

Removal efficiencies varied for agricultural BMPs depending on location within the part of the Chesapeake Bay watershed that is within the state of Virginia. Approved rates were determined for each of five watershed ‘‘basins’’, and within each basin on the western shore of Virginia, for BMPs that were located to the east or to the west of Interstate 95. Minimum and maximum annual nitrogen removal (in terms of lbs acre-1) for the five approved agricultural BMPs show a range of expected nitrogen removal rates (Table 4a). Nitrogen removal rates by shellfish farms compare very favorably, on a per-acre basis, to expected nitrogen removal by agricultural best management practices. 

Table 4a: Nitrogen removal by agricultural best management practices in the Chesapeake Bay watershed, as approved by the Virginia Department of Environmental Quality (from Stephenson et al. 2010).
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The University of New Hampshire Stormwater Center has implemented a variety of types of stormwater control measures (SCMs) in a controlled setting on their campus allowing scientists to quantify performance and cost of commonly-used SCMs and compare among the traditional and low impact design categories. We combined this information to calculate annual nitrogen removal in terms of lbs acre-1 for comparison to the agricultural BMPs and shellfish farms (Table 4b). The stormwater control measures that had no detectable nitrogen removal (vegetated swales, sand filters, and porous asphalt targeted total suspended solids and/or phosphorus rather than nitrogen). In general, nitrogen removal rates by stormwater control measures were higher, on a per-acre basis, than those reported for agricultural best management practices (Table 4a). Stormwater control measures that demonstrated nitrogen removal were in the same approximate range as those observed for shellfish farms which compared favorably to removal by stormwater control measures.

Table 4b: Nitrogen removal by different types of stormwater control measures, installed at the University of New Hampshire Stormwater Center (data from Houle et al. 2013 as summarized by Rose et al. 2015).
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Calculation of Point Source Reductions and Value of removal 
The method of Evans (2008) was used to determine the WWTP costs for use a proxy value for the nitrogen (N) removed by oyster bioextraction (aquaculture and restored reefs) in Great Bay Piscataqua River Estuary. This excerpt from Evans (2008) describes the method of determination of N removal values for a variety of WWTPs of varying levels of treatment. While this describes the method for Long Island Sound WWTPs, the same approach was used for GBP using local WWTP costs from Kessler (2010) and costs were updated to 2013 dollars to adjust for inflation using the Engineering News Record Construction Cost Index. For more detail the reader is directed to Evans (2008) and Kessler (2010).

Excerpt adapted from Evans (2008): 
Data were compiled on current wastewater characteristics (i.e., discharge flows and
concentrations) for 142 treatment plants located throughout the basin. For the purposes of this particular analysis, estimates were made of the potential nitrogen reductions that could be achieved by bringing all treatment plants outside of Connecticut to three specific ‘levels’ or target concentrations (i.e. 8 mg/l, 5 mg/l, 3 mg/l). For the first level (Level 1), an estimate was made of the reduction that could be achieved by bringing all plants with current discharge concentrations above 8 mg/l to a concentration of 8 mg/l. For the next two levels, similar calculations were made of potential reductions that would be obtained by upgrading plants from 8 to 5 mg/l, and then from 5 to 3 mg/l. The estimated basin-wide load reductions based on this approach are shown in Table 5. 

Table 5: Estimated point source load reductions (from Evans 2008).

[image: ]

As given previously, the current estimated point source load delivered to Long Island Sound is 4,601,149 kg/yr (or 10,145,543 lb/yr). Given the values in Table 5, the current point source load from the entire basin could be reduced by about 33.4% (1,535,574 / 4,601,149) if all treatment plants above Connecticut were brought to a discharge concentration of 3 mg/l of total nitrogen. If only the point sources outside of Connecticut are considered (which contribute an annual load of about 2,054,916 kg), then the maximum potential load reduction would be 74.7% (1,535,574 / 2,054,916).

The costs associated with upgrading treatment plants for each of the treatment levels described above was accomplished using an approach previously developed as part of a study to estimate the cost of plant upgrades in the Chesapeake Bay Basin (Chesapeake Bay Program, 2002). In the latter study, various regression equations were developed to estimate total capital costs and early overhead and maintenance (O&&M) costs associated with treatment plants of different sizes (i.e., design discharge flows). More specifically, different equations were developed for each of the same three treatment levels used in this current study (i.e., existing effluent concentration to 8 mg/l, 8 mg/l to 5 mg/l, and 5 mg/l to 3 mg/l). Additional descriptions of the Chesapeake Bay study regressions also applied in this study are provided below.

Note that the regression equations described below are based on costs in 2000 and only consider the cost of upgrading from one level to the next, and do not include the costs incurred for achieving the previous treatment level.

For all treatment plants independent of size, the following equation was used to estimate total capital costs associated with Level 1 plant upgrades:
	
Cost (in dollars) = 2023829 + 704350.8039Q − 5986.733Q2
where Q = design flow rate (million gallons per day (mgd))

In the Chesapeake Bay study (as well as this one), annual O&M costs were assumed to be equal to 2% of the estimated total capital cost for each plant.

In the case of Level 2 upgrades, two different sets of cost equations were used depending on the design flow (in mgd) for each plant. The corresponding total capital cost and O&M equations for plants with design flows of 1 mgd or less are as follows:

Capital Cost (in thousands of dollars) = 967.06Q + 144.4

Annual O&M Costs (in dollars) = 24636Q + 4582.1

For plants with design flows greater than 1 mgd, the following equations were used:

Capital Cost (in thousands of dollars) = 386.01Q + 864.83

Annual O&M Costs (in dollars) = 13383Q + 19021

For Level 3 upgrades, the equations used were:

For plants with design flows of 1 mgd or less:

Capital Cost (in thousands of dollars) = 1061.7Q + 205.83

Annual O&M Costs (in dollars) = 24636Q + 4582.1


For plants with design flows greater than 1 mgd, the equations the following equations were used:

Capital Cost (in thousands of d = 386.01Q + 864.83

Annual O&M Costs (in dollars) = 13383Q + 19021

Since the Chesapeake Bay study used as a basis for cost estimation was completed using construction costs computed for the current study were increased by a factor of 18.1% to represent estimated construction cost increases from 2000 to 2007. (This estimated cost factor was obtained from information available on the Engineering News Record web site
(http://enr.construction.com/features/coneco/recentindexes.asp)). The updated total capital costs and annual O&M costs associated with each level of treatment are summarized in Table 6. Those wishing to know more about the specific data and methodologies used to develop the initial regression equations are referred to the original Chesapeake Bay study report (Chesapeake Bay Program, 2002).

Table 6: Estimated costs for upgrading all treatment plants outside of Connecticut. Note that although Evans (2008) updated to reflect 2007 dollars, our GBP study updated to reflect 2013 dollars.
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