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What are Ecosystem Services? 
 

The millions of species on our planet, including 

humans, interact with one another in many ways. 

These interactions among and between species are 

what define ecosystems. Ecosystems, in turn, 

provide many environmental benefits or “services” 

that  support human life and well-being. Ecosystem  

services are the transformation of a set of natural 

resources (for example, plants and animals, air and 

water) supplied by ecosystems into beneficial goods 

and functions that humans value. For example, when 

fungi, worms, and bacteria transform sunlight, 

carbon, and nitrogen into fertile soil, this transfor-

mation is an ecosystem service provided by those 

organisms. Scientists know that the value of 

ecosystem services depends on the resource’s 

location, necessitating location-specific value 

estimates for use in informing practical decision-

making; decisions, such as: Should we require 

developers to plant more trees? Should more land be 

set aside to protect species that generate ecosystem 

services? If we do destroy or impair ecosystem 

service functions, how much will it cost us to 

replace those services? Since public resources are 

needed to satisfy  a variety of community needs, 

valid estimates of ecosystem services that may be 

provided or impaired by public policy decisions are 

necessary. 
 

While ecosystem services are often associated with  

natural systems, agricultural and aquacultural 

systems can also provide ecosystem services. 

Ecosystem services provided by shellfish, for 

example, are widely reported  but usually focus on 

one ecosystem service and are not well-quantified 

for most species. Shellfish aquaculture (farming) 

improves water quality by extracting nutrients, such 

as nitrogen, and controlling eutrophication. Clearer 

water reduces turbidity, allowing more sunlight to 

penetrate, which aids in the growth of important 

seagrasses and increases oxygen in the coastal 

environment. By removing phytoplankton and 

nutrients from the water, shellfish may also help 

prevent harmful algal blooms. In addition, shellfish 

convert carbon into calcium carbonate shell, which 

represents a long-term carbon sink that offsets 

carbon released from burning of fossil fuels. Thus, 

shellfish farms may help to mitigate the effects of 

global warming and climate change that can threaten 

local coastal economies. 
 

In Florida, the hard clam farming industry supports  

540 jobs and produces 125-150 million clams 

annually, with an economic impact of $39 million in 

2012. In addition to the commercial benefits of the 

hard clam industry from providing fresh shellfish, the 

farms provide coastal communities with a variety of 

ecosystem services whose value can be quantified.  

The results of this study demonstrate the unique 

sustainability of Florida hard clam aquaculture by 

providing economic values for ecosystem services 

provided by the industry; values that can help 

decision makers decide whether to promote or expand 

the industry in order to sustain storage, which is 
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Thus, these results provide information on the “green” 

clam industry that is beneficial to growers, whole-

salers, retailers, resources managers, and consumers. 

This paper provides a description of ecosystem 

services provided by hard clam culture, summarizes 

value estimates, and relates them to the clam 

aquaculture industry in Florida. 
 

Ecosystem Services Provided by 

Shellfish Farming 
 

Ecosystem services are typically grouped into four 

categories: regulating, supporting, provisioning, and 

cultural. Bivalves and, therefore, shellfish farms 

improve water quality and store carbon (a regulating 

service), are important in nutrient cycling (a suppor-

ting service), provide food (a provisioning service), 

and indirectly support recreation and ecotourism 

(cultural services), which have tremendous 

economic value, especially in Florida. This project 

concentrates on the valuation of regulating and 

supporting services. Note that estimates already 

exist for provisioning services (i.e., that the industry 

generates $39 million in economic impact from clam 

sales). Estimates for the value of cultural services 

would require a complex study of behavioral 

patterns of tourists, which is beyond the scope of 

this study.  
 

Regulating Services  
 

Regulating services help maintain ecosystem 

structure by, for example, affecting the climate or 

maintaining water and air quality. Bivalves (oysters, 

hard clams, mussels, etc.) contribute to these 

services simply by feeding. As bivalves feed, they 

create currents that move water in and out of the 

animal (Figure 1). Tiny moving cilia (hair-like 

structures), which cover the gills, pump water 

through the clam, drawing it in the incurrent siphon. 

Suspended particles (phytoplankton, micro-

organisms, and detritus) in the water are captured by 

the gills and moved to the mouth for ingestion. The 

cleared water is then ejected from the excurrent 

siphon. Some of the captured particles may be 

rejected as “pseudofeces”, which are expelled and 

often fall to the bottom. Therefore, when bivalves 

“filter feed” they improve water clarity, transfer 

energy and nutrients from the water column to the 

benthos (bottom sediments), reduce eutrophication, 

and potentially reduce harmful algal blooms. The 

extent of this filter feeding (or “grazing”) has been 

modeled in several locations. For example, in Cherry-

stone Inlet, Virginia, juvenile hard clams are estimated 

to filter 10-80% of the tidal creek volume per day. 

Other researchers have shown that oysters, for 

example, are capable of removing up to 50% of the 

annual phytoplankton production in the upper 

Chesapeake Bay.  
 

Shellfish also contribute to carbon sequestration, or 

storage, which is another regulating ecosystem service. 

Bivalves convert carbon (C) into calcium carbonate 

(CaCO3) shell. The carbonate used by bivalves is 

primarily derived from atmospheric carbon dioxide 

(CO2) dissolved in seawater. Carbon stored as shell 

material can persist on geological time scales. The 

shells of cultured bivalves, therefore, provide a long-

term carbon sink and are of interest as a means to offset 

carbon released from burning fossil fuels. Preliminary 

studies of the Florida hard clam industry suggest that 

each harvested market-sized clam represents almost 

three grams of mineralized carbon. 
 

Figure 2 shows the role of clams in sequestering carbon 

in the marine environment. Shellfish not only store 

carbon in their shells and tissues, but also process it 

while they are growing. Just like other animals, they 

produce carbon dioxide as a waste product of respira-

tion. In addition, the carbon (particulate organic carbon, 

POC) deposited in the sediments as feces and pseudo-

feces (rejected food particles) is consumed by a variety 

of organisms, such as worms, brittle stars, and other 

deposit feeders. Some carbon will remain locked in the 

sediments and can persist indefinitely as shell 

fragments, limestone (CaCO3), and dolomite (CaMg

[CO3]2) (i.e., as a carbon sink). In contrast, the carbon  
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Figure 1. Seawater is pumped through the clam by the 
gills entering and exiting the animal via two siphons. 



contained in most plant and animal tissues returns to 

carbon dioxide within a few years.  
 

Note that the overall role of nearshore ecosystems 

and calcifying organisms, such as hard clams, on the 

carbon cycle is controversial. Bivalves use carbon in 

two ways — by using dissolved inorganic carbon to 

build calcium carbonate shell, and by consuming 

particulate organic carbon as phytoplankton. Bivalves 

also produce carbon dioxide in two ways — the 

chemistry of calcium carbonate production apparently 

releases CO2, and CO2 is released as a waste product 

of metabolic processes, as in other animals. There-

fore, shellfish farming has been proposed as both a 

source and sink of carbon dioxide. However, the role 

of bivalves in the balance between carbon dioxide 

emission to, and removal from, coastal waters 

remains unclear. For example, 10-85% of the carbon 

used in building shell may originate from the 

bivalve’s own metabolic processes, effectively 

reducing the total amount of carbon dioxide released 

by the bivalve from calcium carbonate production and 

metabolism. In addition, the carbon dioxide released 

by bivalves, from either process, could be used by 

phytoplankton in photosynthesis and would, therefore, 

be recycled within the system. Clearly, there is a need 

to better understand the role of bivalves in the carbon 

cycle.   
 

Supporting Services  
 

Supporting services, such as primary production, 

decomposition, and habitat formation, are necessary 

for maintaining all other ecosystem services. Bivalves 

contribute to these supporting services in a variety of 

ways, including altering nutrient availability through 

consumption and defecation activities.  
 

Bivalves play an important role in the cycling of 

nutrients, including nitrogen (N). Bivalves do not 

absorb nitrogen directly from their environment, rather 

they feed on naturally-occurring phytoplankton 

(microscopic algae or plants), which use dissolved 

 Estimating the Value of Environmental Benefits Generated by the Hard Clam Aquaculture Industry in Florida                                     3

Figure 2. The role of hard clams in sequestering or storing carbon in the marine environment.   



inorganic nitrogen, available in the water, to grow. 

Thus, bivalves incorporate nitrogen from their food 

into their tissues and shells. When they are 

harvested, the accumulated nitrogen is removed from 

the water. In turn, bivalves release nitrogenous waste 

(urine) that can be used by phytoplankton as a source 

of nitrogen. In addition, some of the nitrogen filtered 

from the water by bivalves is deposited to the 

sediment as feces and pseudofeces (rejected food 

particles). These biodeposits are decomposed by 

bacteria. In the well-oxygenated surface sediments, 

this decomposition produces ammonium (NH4+) 

through mineralization (simply the conversion of 

nitrogen from an organic to an inorganic form), 

followed by nitrification (the oxidation of 

ammonium), forming nitrate (NO3-)  and nitrite 

(NO2-). Material that is buried in deeper anaerobic 

sediments (where oxygen is unavailable), undergoes 

the process of denitrification in which nitrate is 

reduced and nitrogen gas (N2) is produced. Figure 3 

illustrates how hard clams cycle and remove 

dissolved inorganic nitrogen from the marine 

environment. 
 

Note that the development of nitrogen budgets for 

coastal ecosystems and for bivalve populations is 

incomplete. This is because nitrogen exists in many 

different forms, nitrogen cycling is complex, and 

quantifying nitrogen pathways is technically difficult. 

However, several models suggest that bivalves remove 

significant amounts of nitrogen from systems through 

the combined processes of burial, denitrification, and 

biomass harvest. A recent model indicates that oyster 

stocks in the Choptank River, Maryland, are 

responsible for the removal of 28,660 pounds N 

annually. Another model shows that a standard sized 

oyster farm can remove nitrogen at a rate of 40,000 

pounds per year while releasing 15,000 pounds per 

year as excretion and feces, for a net N removal of 

about 24,000 pounds per year. For comparison, this 

net removal is equivalent to the untreated waste of 

over 3,000 people.  
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Figure 3. The role of hard clams in cycling and removing dissolved inorganic nitrogen from the  marine environment.   



Valuation of Ecosystem Services 

Provided by Shellfish Farming  
 

Several recent studies have focused international 

attention on the science of valuing ecosystem 

services and the increased use of ecosystem service 

information when making critical public decisions. 

Since ecosystem services provide a variety of 

benefits naturally to people, communities, and 

businesses, they essentially provide society with  

“free goods” that we do not have to pay for. As 

public goods, such ecosystem services are unpriced 

and, therefore, are at risk of being lost when 

ecosystems are lost or degraded. Given the inherent 

challenges associated with monetizing the value of 

ecosystem services, the values associated with these 

ecosystem functions are currently under-represented 

and do not always receive consideration 

commensurate with goods and services sold 

commercially. 
 

There are a number of accepted methods used for 

estimating the monetary value of ecosystem services. 

These methods vary in their applicability depending 

upon the type of benefit being measured, available 

information, and the certainty of the change in the 

environment associated with the proposed action. The 

most common method, known as the replacement 

cost method, utilizes market information to obtain a 

conservative estimate of a feasible alternative method 

of providing the service. With this method, the 

quantity of ecosystem service is determined by first 

estimating a bio-physical model (i.e., amount of 

nitrogen removed or the amount of carbon stored), 

and then estimating the cost of providing this level of 

service with a human-made alternative (e.g., a 

replacement such as a wastewater treatment plant or 

planting trees). Using net nitrogen removal estimates 

associated with the standard sized oyster farm 

reported in the previous section (i.e., 24,000 lb per 

year), the replacement cost method would seek to 

determine the cost of processing the untreated waste 

of approximately 3,000 people annually with a 

wastewater treatment plant. 
 

Several studies have employed the replacement cost 

method to determine the value of ecosystem services 

provided by shellfish production but, to the best of 

our knowledge, few have considered hard clam 

production (examples include studies of Manila 

clams, Kumamoto and Pacific oysters, and mussels). 

Notable results (with all values converted to U.S. 

dollars using current conversion rates) include: 
 

 The removal of 25,787 pounds of nitrogen per year 

by Manila clams, Kumamoto and Pacific oysters, 

and mussels at a value of $884,400 for the 

alternative, which is a water treatment plant in 

Shelton, Washington.  
 

 The removal of 63,640 pounds of nitrogen per year 

worth about $0.29 million from a Manila clam farm 

in the southern coast of Portugal; and, the 

extrapolated removal of over 62 tons of nitrogen 

per year valued at $5.5 billion provided by all 

European Union shellfish farms.  
 

 The removal of 23,552 pounds of nitrogen per year 

from a hypothetical 1.5-acre oyster farm valued at 

$2.2 million. 
 

 The removal of nitrogen by oyster reefs in the 

Mission-Aransas estuary in Texas is valued at 

$113,471 per year. 
 

 Using nitrogen removal rates from oyster reefs off 

the coast of North Carolina, an acre of oyster reef 

provides nitrogen removal services valued at 

$1,640 per year. 
 

 Blue mussel production in eastern Skagerrak, 

Sweden (1,650 tons of mussels produced annually) 

is found to remove 16.5 tons of nitrogen valued at 

$4.40 to $6.55 per pound. 
 

 Salt marshes and mangroves are estimated to 

sequester carbon that is valued at $12.34 per acre 

per year. 
 

Clearly, estimates depend on species, location, service 

(removal of nitrogen and/or carbon) and valuation 

method used. As such, converting between studies to 

draw generalizations is complicated, especially if 

generalizations are not sufficient for policy making.  
 

Ecosystem Services Provided by the 

Florida Hard Clam Culture Industry 
 

In this study, the unique sustainability of the Florida 

hard clam aquaculture industry was assessed by 

examining three environmentally-beneficial ecosystem 

services (water filtration, nitrogen removal and carbon 

storage) provided by clam farming. Efforts focused on 

assembling ecosystem service measurements and 

values specific to bivalve culture, identifying 
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information gaps for hard clams Mercenaria 

mercenaria, and translating information to Florida’s 

hard clam culture industry. Measurements, 

particularly for harvest-sized clams at the water 

temperatures found in Florida, are not available 

through the literature. To address these information 

gaps, pertinent laboratory measures were determined 

and results are summarized in Table 1 and discussed 

below. 
 

Water Filtration 
 

Shellfish filter phytoplankton (microscopic algae or 

plants) out of the water when feeding, thereby 

naturally cleaning and clarifying the water. The 

filtering rate of clams was measured in the 

lab using a fiber-optic colorimeter, which measures 

the turbidity of a phytoplankton solution. The 

turbidity of the water declined over time, as the 

clams removed the phytoplankton from the water. 

Using this data, the volume of seawater cleared of 

phytoplankton per day for three commercial grades 

of hard clams was calculated; a littleneck-sized clam 

was found to filter 4.5 gallons of seawater per day 

(Table 1).   
 

Nitrogen Removal and Carbon Storage 
 

The amounts of nitrogen and carbon removed from 

the ecosystem upon harvest were determined by 

measuring the contents of both clam tissues and 

shells. Clam tissues and shells were dried, weighed, 

and ground to fine powders. Stable isotope mass 

spectrometry was used to determine the proportion 

of nitrogen and carbon in the sample. From these 

data, the total weight of nitrogen and carbon in the 

tissue and shell of each clam was calculated (Table 

1); each littleneck-sized clam represented about 0.09 

grams of nitrogen and about 2.8 grams of carbon 

stored in tissue and shell.  
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Value of Ecosystem Services Provided 

by the Florida Hard Clam Culture 

Industry 
 

The contribution of the Florida hard clam industry to 

the mitigation of nitrogen and carbon extraction was 

assessed. The costs that would be incurred to replace 

the industry’s services with the next best alternative 

were calculated. For nitrogen removal, appropriate 

replacement cost values were based on the costs of 

wastewater treatment plants in various locations, 

including the cities of Clearwater and Fort Myers in 

Florida. These cities were chosen due to their 

proximity to clam-producing areas and due to limited 

data availability for other Florida cities. The clam-

producing counties were then assigned either the value 

for Clearwater ($3.44 per pound of nitrogen removed) 

or Fort Myers ($5.22 per pound of nitrogen removed), 

based on which location most closely matched the 

county’s land values and cost of living, factors that 

affect the cost of wastewater treatment plants. 
 

For carbon sequestration, the creation and mainte-

nance of pine tree plantations was used as a possible 

alternative to hard clam production. Costs included 

pine production, as well as the value of the land in an 

alternative use. In counties with high agricultural, 

commercial, or urban land values, this opportunity 

cost of utilizing the land as a pine plantation was high. 

The cost per ton of carbon sequestered was calculated 

for all clam-producing counties in Florida using 

previously reported estimates of these variable land 

use values. The cost included a weighted average of 

the cost of converting land to forest, where the 

weights were proportional to the amount of land in a 

county under crops, pasture, or range. The highest 

carbon sequestration values ($119.01 per ton) were 

estimated for Collier County, while the lowest ($0.71 

per ton) costs were in Franklin County, primarily due 

Table 1. Water filtration, nitrogen (N) removal, and carbon (C) storage values determined per clam for three 
commercial size grades of Florida cultured hard clams.   

  

Clam Grade 

  

Shell Width 
(inches) 

  

Shell Length 
(inches) 

  

Water Filtration
(gallons/day) 

  

N Removed 
(grams) 

  

C Stored                
(grams) 

Littleneck 1.03 1.88 4.5 0.09 2.76 

Button 0.92 1.67 3.5 0.07 1.97 

Pasta 0.80 1.49 2.7 0.06 1.37 



to lower land values in the more rural county. Table 

2 summarizes the values by county and ecosystem 

service. 
 

Based on the results of the 2012 Florida aquaculture 

survey conducted by the U.S. Department of 

Agriculture, 544 million gallons of seawater per day 

were filtered by the statewide production of 136 

million clams (Figure 4). In turn, 25.4 thousand 

pounds of nitrogen were removed and 760.6 

thousand pounds of carbon were stored through their 

harvest. The size of clams harvested was determined 

by surveying several shellfish wholesalers; it was 

assumed that 75% of the clams harvested were 

littlenecks or larger, 20% were buttons, and 5% were 

pastas. Thus, the economic value of these 

environmental benefits provided in 2012 was 

estimated at $99,680, which represents the public 

good value that the industry generates to Florida 

citizens at no cost. This estimate was about 1% of 

the farm gate value of clam sales ($11.9 million) in 

that year.  
 

Results demonstrate the important contribution of 

hard clam culture to coastal ecosystem services. 

Findings on clam farm sustainability can benefit 

growers, wholesalers, and retailers by allowing them 

to inform buyers and consumers that shellfish 

aquaculture is a “green” industry and, in fact, 

provides ecosystem services. Consumers will benefit 
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by being made aware of the environmental benefits of 

sustainable shellfish aquaculture. Estimates of nutrient 

reduction and carbon storage may, in the future, be 

adopted as usable or saleable nitrogen and carbon 

credits, further benefiting clam growers.  
 

Literature 
 

Adams, C.M., L. Sturmer, and T. Stevens. 2014. 

Tracking the Economic Benefits Generated by the Hard 

Clam Aquaculture Industry in Florida. University of 

Florida IFAS Electronic Data Information Source, EDIS 

FE961, 7 pp. 
 

Table 2. Values of two ecosystem services, nitrogen (N) removal and carbon (C) storage, determined                                    
for Florida clam-producing counties.   

  
County 
 

  
Value of N Removal 

  
Value of C Storage 

Brevard $3.44/lb $40.64/ton 

Charlotte $3.44/lb $30.94/ton 

Collier $5.22/lb $119.01/ton 

Dixie $3.44/lb $21.95/ton 

Franklin $3.44/lb $0.71/ton 

Indian River $5.22/lb $113.39/ton 

Lee $5.22/lb $97.56/ton 

Levy $3.44/lb $16.88/ton 

Manatee $3.44/lb $32.60/ton 

St. Johns $3.44/lb $24.38/ton 

Volusia $5.22/lb $65.80/ton 

Average $4.09/lb $51.26/ton 

Median $3.44/lb $32.60/ton 

Figure 4. Harvesting hard clams from an aquaculture 
farm located in Florida coastal waters. 



Archer, D. 2010. The Global Carbon Cycle. Princeton 

Univ. Press, Princeton, NJ, 224 pp. 
 

Baker, P.K. 2010. Carbon Fixation by Hard Clam 

Aquaculture in Florida. Report to Florida Sea Grant. 

26pp. 
 

Baker, S.M. and D.J. Hornbach. 1997. “Acute 

physiological effects of zebra mussel (Dreissena 

polymorpha) infestation on two unionid mussels, 

Actinonaias ligamentina and Amblema plicata.” 

Canadian J. Fisheries and Aquatic Sciences 54: 512-519. 
 

Baker, S.M. and D.J. Hornbach. 2001. “Seasonal 

metabolism and biochemical composition of two unionid 

mussels, Actinonaias ligamentina and Amblema plicata.” 

J. Moll. Stud. 67: 407-416. 
 

Baker, S.M. and D.J. Hornbach. 2008. “Zebra mussels 

(Dreissena polymorpha) attached to native mussels 

(Unionidae) or inanimate substrates: Comparison of 

physiological rates and biochemical composition.” Am. 

Midl. Nat. 160: 20-28. 
 

Baker, S.M., Heuberger D., Phlips E., and Sturmer L. 

2002. Water quality and its control on hard clam 

production. Univ. Florida, Inst. Food Agric. Sci., Tech. 

Bull. April 2002. 6 pp. 
 

Barbier, E.B., S.D. Hacker, C. Kennedy, E.W. Koch, 

A.C. Stier, and B.R. Silliman. 2011. “The value of 

estuarine and coastal ecosystem services.” Ecological 

Monograph 81(2): 169-193. 
 

Beaumont, N.J., M.C. Austen, J.P. Atckins, D. Burdon, 

S. Degraer, T.P. Dentinho, S. Derous, P. Holm, T. 

Horton, E. van Ierland, A.H. Marboe, D.J. Starkey, M. 

Townsend, and T. Zarxycki. 2007. “Identification, 

definition and quantification of goods and services 

provided by marine biodiversity: Implications for the 

ecosystem approach.” Marine Pollution Bulletin 54: 253-

265. 
 

Binford, M.W., H.L. Gholz, G. Starr, and T.A. Martin. 

2006. Regional carbon dynamics in the southeastern U.S. 

coastal plain: Balancing land cover type, timber 

harvesting, fire, and environmental variation. J. 

Geophys. Res. 111, D24S92, 

doi:10.1029/2005JD006820. 
 

Bishop, E.W. and L.L. Lee. 1961. Rocks and Minerals of 

Florida. A Guide to Identification, Occurrence, 

Production and Use. Spec. Publ. 8, Florida Dept. Nat. 

Res., Tallahassee, FL, 41 pp. 
 

Boyd, J. 2012. “Economic Valuation, Ecosystem 

Services, and Conservation Strategy,” p. 177-189. In: 

Measuring Nature’s Balance Sheet of 2011 Ecosystem 

 Estimating the Value of Environmental Benefits Generated by the Hard Clam Aquaculture Industry in Florida                                     8

Services Seminar Series, Coastal Quest and Betty Moore 

Foundation (eds.). Palo Alto: Gordon and Betty Moore 

Foundation. PDF e-book. 
 

Breaux, A., S. Farber, and J. Day. 1995. “Using natural 

coastal wetlands systems for wastewater  treatment: An 

economic benefit analysis.” J. Environ. Manage. 44: 285-

291. 
 

Burke, S. 2009. Estimating Water Quality Benefits from 

Shellfish Harvesting; A Case Study in Oakland Bay, 

Wisconsin. Technical Memorandum. Entrix, Inc.  
 

Burkholder, J.M. and S.E. Shumway. 2011. “Bivalve 

shellfish aquaculture and eutrophication,” p. 155-215. In: 

Shellfish Aquaculture and the Environment, first edition.  

Edited by S.E. Shumway. John Wiley & Sons, Inc. 
 

Castagna, M. 2001. “Aquaculture of the hard clam, 

Mercenaria mercenaria,” p. 675-699. In: Biology of the 

Hard Clam (eds Kraeuter JN, Castagna M). Elsevier, New 

York, NY. 
 

Chan, K., M. Shaw, D. Cameron, E.C. Underwood and 

G.C. Daily. 2006. “Conservation planning for ecosystem 

services.” PLoS Biology 4(11): e379. 
 

Cloern, J.E. 1982. “Does the benthos control 

phytoplankton biomass in south San Francisco Bay?” 

Mar. Ecol. Prog. Ser. 9: 191-202. 
 

Condon, E.D. 2005. Physiological ecology of the cultured 

hard clam, Mercenaria mercenaria. MS Thesis, College 

of William and Mary, Gloucester Point, VA, 209 pp. 
 

Costanza, R., R. d'Arge, R. De Groot, S. Farber, M. 

Grasso, B. Hannon, K. Limburg, S. Naeem, R. V. O'Neill, 

J. Paruelo, R. G. Raskin, P. Sutton, and M. Van Den Belt. 

1997. “The value of the world’s ecosystem services and 

natural capital.” Nature 387: 253–260. 
 

Covich, A.P., M.A. Palmer, and T.A. Crowl. 1999. “The 

role of benthic invertebrate species in freshwater 

ecosystems.” Bioscience 56: 119-127.  
 

Dame, R. F. 1996. Ecology of Marine Bivalves; An 

Ecosystem Approach. CRC Press, Boca Raton. 254 pp. 
 

Duarte, C.M. and Y.T. Prairie. 2005. “Prevalence of 

heterotrophy and atmospheric CO2 emissions from 

aquatic ecosystems.” Ecosystems 8: 862-870.  
 

Dumbauld, B.R., Ruesink, J.L., and Rumrill, S.S. 2009. 

“The ecological role of bivalve shellfish aquaculture in 

the estuarine environment: A review with application to 

oyster and clam culture in West Coast (USA) estuaries.” 

Aquaculture 290: 196-223. 
 

Engleman, E.E., Jackson, L.L., and D.R. Norton. 1985. 

“Determination of carbonate carbon in geological 



materials by coulometric titration.” Chemical Geology 

53: 125-128. 
 

Farber, S., Costanza, R., Childers, D.L., Erickson, J., 

Gross, K., Grove, M., et al. 2006. “Linking ecology 

and economics for ecosystem management.” 

BioScience 56(2): 117-129.  
 

Farber, S.C., Constanza, R., and Wilson, M.A. 2002. 

“Economic and ecological concepts for valuing 

ecosystem services.” Ecol. Econ. 41: 375-392. 
 

Ferreira, J. G., A. J. S. Hawkins and S. B. Bricker. 

2007. “Management of productivity, environmental 

effects and profitability of shellfish aquaculture: The 

Farm Aquaculture Resource Management (FARM) 

model.” Aquaculture 264(1-4): 160-174. 
 

Ferreira, J. G., A. Sequeira, A. J. S. Hawkins, A. 

Newtonc, T. D. Nickell, R. Pastres, J. Forte, A. Bodoy 

and S. B. Bricker. 2009. “Analysis of coastal and 

offshore aquaculture: Application of the FARM model 

to multiple systems and shellfish species.” Aquaculture 

292(1-2): 129-138. 
 

Ferreira, J. G., A. Hawkins and S. B. Bricker. 2011. 

“The role of shellfish farms in provision of ecosystem 

goods and services.” In: S. E. Shumway. Shellfish 

Aquaculture and the Environment. Hoboken, NJ: Wiley

-Blackwell. 
 

Feuillet-Girard, M., M. Héral, J.-M. Sornin, J.-M. 

Deslous-Paoli, J.M. Robert, F. Mornet, and D. Razet. 

1988. “Éléments azotés de la colonee d’eau et de 

l’interface eau-sédiment du basin de Marennes-Olérk: 

Influence des cultures d’huîtres.” Aquatic Living 

Resources 1: 251-265. 
 

Gerritsen, J. A.F. Holland, and D.E. Irvine. 1994. 

“Suspension-feeding bivalves and the fate of primary 

production: An estuarine model applied to Chesapeake 

Bay.” Estuaries 17: 403-416.  
 

Gibbs, M.T. 2007. Sustainability performance 

indicators for suspended bivalve aquaculture activities. 

Ecol. Indicators 7: 94-107. 
 

Grabowski, J.H., R.D. Brumbaugh, R.F. Conrad, G. 

Andrew, J.J. Opaluch, C.H. Peterson, M.F. Piehler, 

S.P. Powers, R. Smyth, A.G. Keeler, and J. James. 

2012. “Economic Valuation of Ecosystem Services 

Provided by Oyster Reefs.” BioScience 62(10): 900–

909. 
 

Gren, I., O. Lindahl, and M. Lindqvist.  2009. “Values 

of mussel farming for combating eutrophication: An 

application to the Baltic Sea.”  Ecological Engineering 

35: 935-945. 
 

 Estimating the Value of Environmental Benefits Generated by the Hard Clam Aquaculture Industry in Florida                                     9

Hammen, C.S. and Wilbur, K.M. 1959. “Carbon dioxide 

fixation in marine invertebrates. I. The main pathway in 

the oyster.” J. Biol. Chem. 234: 1268-1271.  

 

Hickey, J.P. “Carbon sequestration potential of shellfish.” 

The Fish Site, 5m Publishing. February 2009. Web. 7 July 

2015. http://www.thefishsite.com/articles/615/carbon-

sequestration-potential-of-shellfish/ 
 

Hornbach, D.J., T. Wilcox, L. Powers, J. Layne and T. 

Davis. 1991. “A method for assessing clearance rates in 

suspension-feeding organisms using a fiber-optic 

colorimeter.” Can. J. Zool. 69: 2703-2706. 
 

IPCC (Intergovernmental Panel on Climate Change). 

2007. “Climate change 2007: The physical science basis.” 

Contribution of Working Group I to the fourth assessment 

report of the Intergovernmental Panel on Climate Change. 

Solomon S, Qin SD, Manning M, Chen Z, Marquis M, 

Avery KB, Tignor M, Miller HL, eds. Cambridge Univ. 

Press, Cambridge, UK. 
 

Jack, B.K., C. Kousky, and K.R.E. Sims. 2008. 

“Designing payments for ecosystem services: Lessons 

from previous experience with incentive-based 

mechanisms.” Proceedings of the National Academy of 

Sciences 105: 9465–9470. 
 

King, D. M. and M. J. Mazzotta. 2000. “Ecosystem 

Valuation. Methods, Section 5. Damage Cost Avoided, 

Replacement Cost, and Substitute Cost Methods.” 

Available at http://www.ecosystemvaluation.org/

cost_avoided.htm. Accessed February 28, 2012. 
 

Lindahl, O., R. Hart, B. Hernroth, S. Kollberg, L.-O. Loo, 

L. Olrog, A.-S. Rehnstam-Holm, J. Svensson, S. 

Svensson, and U. Syversen. 2005. “Improving Marine 

Water Quality by Mussel Farming: A Profitable Solution 

for Swedish Society.” AMBIO: A Journal of the Human 

Environment 34(2): 131-138. 
 

Maistrini, S.Y., J.-M. Robert, J.W. Lefley, and Y. Collos. 

1986. “Ammonium thresholds for simultaneous uptake of 

ammonium and nitrate by oyster-pond algae.” Journal of 

Experimental Marine Biology and Ecology 102: 75-98. 
 

Matthiessen, G. 2001. Oyster Culture. Iowa State Univ. 

Press, Ames, IA, 162 pp. 
 

McConnaughey, T.A., J. Burdett, J.F. Whelan, and C.K. 

Paull. 1997. “Carbon isotopes in biological carbonates: 

respiration and photosynthesis.” Geochimica et 

Cosmochimica Acta 61: 611-622. 
 

Millennium Ecosystem Assessment (MEA). 2005. 

Ecosystems and Human Well-Being: Synthesis. Island 

Press, Washington. 155 pp. 
 



Munari, C., E. Rossetti, and M. Mistri. 2013. “Shell 

formation in cultivated bivalves cannot be part of 

carbon trading systems: a study case with Mytilus 

galloprovincialis.” Marine Environmental Research 

92: 264-267.  
 

Nakamura, Y., and Kerciku, F. 2000. “Effects of filter-

feeding bivalves on the distribution of water quality 

and nutrient cycling in a eutrophic coastal lagoon.” J. 

Mar. Systems 26: 209-221. 
 

Newell, R.I.E., J.C. Cornwell, and M.S. Owens. 2002. 

“Influence of simulated bivalve biodeposition and 

microphytobenthos on sediment nitrogen dynamics: A 

laboratory study.” Limnology and Oceanography 47: 

1367-1379.  
 

Newell, R.I.E. 2004.” Ecosystem influences of natural 

and cultivated populations of suspension-feeding 

bivalve molluscs: a review.” J. Shellfish Res. 25: 51-61. 
 

Newell, R. I., T. R. Fisher, R. R. Holyoke and J. C. 

Cornwell. 2005. “Influence of eastern oysters on 

nitrogen and phosphorus regeneration in Chesapeake 

Bay, USA.” In: R. Dame and S. Olenin. The 

Comparative Roles of Suspension Feeders in 

Ecosystems. Netherlands: Springer. 
 

Nielsen, A.S.E, A.J. Plantinga and R.J. Alig. 2014. 

New Cost Estimates for Carbon Sequestration Through 

Afforestation in the United States. General Technical 

Report PNW-GTR-888. U.S. Department of 

Agriculture, Forest Service, Pacific Northwest 

Research Station, 35 p. 
 

Officer, C.B., Smayda, T.J., and Mann R. 1982. 

“Benthic filter feeding: a natural eutrophication 

control.” Mar. Ecol. Prog. Ser. 9: 203-210. 
 

Polasky, S. 2012. “Valuing Nature: Economics, 

Ecosystem Services, and Decision-Making,” p. 70-83. 

In: Measuring Nature’s Balance Sheet of 2011 

Ecosystem Services Seminar Series, Coastal Quest and 

Betty Moore Foundation (eds.). Palo Alto: Gordon and 

Betty Moore Foundation. PDF e-book. 
 

Pollack, J.B., D. Yoskowitz, H.-C. Kim, and P.A. 

Montagna. 2013. “Role and value of nitrogen 

regulation provided by oysters (Crassostrea virginica) 

in the Mission-Aransas Estuary, Texas, USA.” Plos 

One 8(6): e65314.  
 

Prather, C.M., S.L. Pelini, A. Laws, E. Rivest, M. 

Woltz, C.P. Bloch, I. Del Toro, C.K. Ho, J. Kominoski, 

T.A.S. Newbold, S. Parsons, and A. Joern. 2013. 

“Invertebrates, ecosystem services and climate 

change.” Biological Reviews 88(2): 327-348. 
 

 Estimating the Value of Environmental Benefits Generated by the Hard Clam Aquaculture Industry in Florida                                   10

Rose, J. M., J. G. Ferreira, K. Stephenson, S. B. Bricker, 

M. Tedesco and G. H. Wikfors. 2012. Comment on 

Stadmark and Conley (2011) ‘‘Mussel farming as a 

nutrient reduction measure in the Baltic Sea: 

Consideration of nutrient biogeochemical cycles.’’ Mar. 

Poll. Bull. 64(2): 449-451. 
 

Shabman, L.A., and S.S. Batie. 1978. “The economic 

value of coastal wetlands: A critique.” Coastal Zone 

Management Journal 4: 231-237. 
 

Shan, J., L.A. Morris, and R.L. Hendrick. 2002. “The 

effects of management on soil and plant carbon 

sequestration in slash pine forests.” Journal of Applied 

Ecology 38(5): 932-941. 
 

Shumway, S.E., Davis, C., Downey, R., Karney, R., 

Kraeuter, J., Parsons, J., Rheault, R., and Wikfors, G. 

2003. “Shellfish aquaculture - in praise of sustainable 

economies and environments.” World Aquaculture 34(4): 

15-17. 
 

Stadmark, J. and D. J. Conley. 2011. “Mussel farming as 

a nutrient reduction measure in the Baltic Sea: 

Consideration of nutrient biogeochemical cycles.” Mar. 

Poll. Bull. 62(7): 1385-1388.  
 

Tanaka, N., M.C. Monagha, and D.M. Rye. 1986. 

“Contribution of metabolic carbon to mollusk and 

barnacle shell carbonate.” Nature 320: 520-523. 
 

Thompson, G.H., Jr. 2012. “Background and History: 

Ecosystem Services,” p. 1-14. In: Measuring Nature’s 

Balance Sheet of 2011 Ecosystem Services Seminar 

Series, Coastal Quest and Betty Moore Foundation (eds.). 

Palo Alto: Gordon and Betty Moore Foundation. PDF e-

book. 
 

USDA. 2013. Florida Aquaculture. United States 

Department of Agriculture, National Agricultural 

Statistics Service. 4 pp. http://www.nass.usda.gov/

Statistics_by_State/Florida/Publications/Aquaculture/

Aquaculture2013-FDA.pdf 
 

Verardo D.J., P.N. Froelich, and A. McIntyre. 1990. 

“Determination of organic carbon and nitrogen in marine 

sediments using the Carlo Erba NA-1500 analyzer.” Deep

-Sea Research 37: 157–165. 
 

Wolff, J.G. and A. Beaumont. “Shellfish sequestration: 

the augmented cultivation of molluscs, and the 

preservation of their shells, as a means of sequestering 

carbon dioxide.” August 2011. Web. 7 July 2015. http://

ww.mng.org.uk/gh/private/ssr7a.pdf 

 

 


