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Executive Summary 

Chesapeake Bay oyster reefs were massive shelves or mound-like structures that extended from 

the shoreline into deep water, and these structures supported a living skin or living veneer of 

eastern oysters (Crassotrea virginica) on their surfaces. Centuries of exploitation by Native 

Americans and early colonists did little to disrupt the ecological integrity of these reefs, but 

human demand and the collapse of oyster fisheries elsewhere resulted in mounting harvest 

pressure in the Chesapeake at the time of the Civil War. By the 1890’s massive harvests began to 

reduce the seemingly inexhaustible supply of oysters. After 1900 shell mining further reduced 

standing stocks and oyster harvests began to plummet. Then in the 1950’s introduced oyster 

disease and poor water quality took further tolls, with the ultimate consequence that oyster 

harvests today are less than 1% of those in the 1890’s. Furthermore, reef structure has been 

destroyed and continued dredge harvesting has flattened reefs making them more susceptible to 

sedimentation, poor water quality, and disease. 

Wide spread concern for the decline of Chesapeake Bay oysters has prompted many groups to 

actively engage in oyster restoration efforts. Over the past 30 years these initiates have grown 

substantially and much has been learned about how oyster recovery can be facilitated, what 

materials work best, and what criteria should be used to assess success or failure. Despite these 

gains and insights, the effectiveness of recent oyster restoration methods and 3-dimensional reefs 

in particular still remains very much a question. The purpose of our study was to analyze the 

scientific oyster restoration literature in order to propose a methodology for the St. Mary’s River, 

Maryland, and to estimate the costs for restoring a 5 acre site adjacent to St. Mary’s College of 

Maryland. 

Because few studies have compared the effectiveness of elevated, 3-dimensional reef structures 

to simply placing oyster shell on the bottom, we advocate that the proposed restoration be 

experimental. Our analysis of the literature suggests to us that 3-dimensional structure may be a 

preferred method of restoration compared to simply placing oyster shell on the bottom, but this 

needs to be tested experimentally. The raised structure may reduce sedimentation and improve 

oyster survivorship by providing good water circulation through the reef structure and by moving 

the living oyster veneer off the bottom where low oxygen and disease susceptibility limit 

reproduction and growth. Our literature review also showed that oyster shell is clearly the best 

substrate for enhancing oyster reproduction and spat set compared to clam shell, concrete, 

various types of mineral rock, and porcelain. But oyster and clam shell supplies are limited 

making concrete a viable, economically attractive alternative for reef cores.  Reef Balls™ have 

also been used successfully nationwide and in Maryland to build 3-dimensional reef structure.  

While the initial cost of Reef Ball™ molds is substantial, production of the concrete reef balls is 

labor intensive but inexpensive. Therefore, we propose building reef cores from recycled, 

crushed concrete and from aggregations of Reef Balls™. Although oyster shell is considered to 
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be the best material for spat set, concrete also has the potential to attract and hold spat. Thus we 

propose several surface treatments that include not covering the core material, covering the core 

material with a 0.2 m oyster shell veneer, and covering the core material with a 0.2 m oyster 

shell veneer with a top layer of spat on shell. 

The proposed project would have two phases, an initial pilot study phase and a full build out 

phase that would expand on the pilot study. We suggest that the pilot study consist of six 

different mound reefs, each 6 m in diameter and 1.5 m high. These would be placed in the 2.8 

acre north area of the study site with their surfaces within 0.3 m of mean low water. Two of the 

reefs would simply consist of either crushed concrete or reef balls. Two reefs would have these 

core materials but would be covered with a 0.2 m oyster shell veneer treatment. Finally, the last 

two reefs would have the two different cores, oyster shell veneers, and then shell that has been 

seeded with spat. We estimate the cost of the construction of the reefs in the pilot project to be 

$18,682. The second phase of the project would add 18 additional reefs to the 2.8 acre northern 

portion of the study site, so there would be a total of 24 reefs in that location. The 18 second 

phase reefs would provide 3 replicates of the pilot project treatments.  In the second phase of the 

project, the bottom of 2.2 acre south area would be covered with a 0.2 m layer of oyster shell to 

mimic current reefs in the St. Mary’s River. We estimate that the cost for building the reefs for 

the second phase will be $178,802. 

Critical to the goals of this project is monitoring to determine 1) the restoration success of the 

reefs and 2) whether the reefs provide ecological services such as improve water quality by 

removing suspended sediments, phytoplankton and nutrients and providing habitat for estuarine 

animals such as fishes and crustaceans. To assess whether restoration success, monitoring should 

continue for at least three years from the initial construction of the phase one reefs. Longer term 

monitoring is preferable (up to five years); however, we have estimated costs for only three 

years. The estimated monitoring costs are $13,452 for year 1 and $10,252 for year 2 and 3 for a 

total of $33,956. 
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Project Background 

In 2009 the Maryland Oyster Advisory Commission recommended the creation of large-scale 

sanctuaries to 1) conserve oyster brood stock, 2) conserve remnant viable reefs and 3) promote 

development of disease resistance (MOAC 2009). The Commission also recommended the re-

establishment of three dimensional reef structures (MOAC 2009). In the fall of 2010 the Upper 

St. Mary’s River Oyster Sanctuary was created (MD DNR, 2010; Fig. 1). This sanctuary, 

encompassing 1,289 acres, begins from a line across the river at Church Point and extends up-

river to the extent of tidal waters. While the harvest of wild oysters is prohibited in sanctuaries, 

they were opened to aquaculture leases in 2011 (House Bill 208; see 

http://mlis.state.md.us/2011rs/bills/hb/hb0208t.pdf). These “aquaculture enterprise” leases can 

take no more than 10% of a sanctuary and must be compatible with restoration. 

In the fall of 2010 representatives from the Rotary Club, St. Mary’s River Watershed Association 

(SMRWA) and St. Mary’s College of Maryland (SMCM) began meeting to discuss the 

construction of oyster reefs in the St. Mary’s River Oyster Sanctuary and developed a project 

proposal in the spring of 2011. This was followed by the signing of a MOU between the 

Leonardtown Rotary Club, SMCM and SMRWA to develop a framework of cooperation around 

an oyster restoration project adjacent to the College. Over the next year an area was selected and 

an application to perform oyster reef restoration was submitted.  In April of 2012 the permits for 

the oyster restoration received final approval. 

The project encompasses the restoration of 5.0 acres of oyster reef habitat along the shore in 

front of St. Mary’s College of Maryland (Fig. 2), 95% of which is currently unproductive 

bottom.  Two types of oyster reef restoration are included in the permit. At the northern end (2.8 

acres) a 3-dimensional reef will be constructed, whereas in the southern end (2.2 acres) a 2-

dimensional shell pile oyster bar will be constructed (Figs. 3-5). The 3-dimensional reef must be 

at least one foot below mean low water and will be constructed of approximately 2,500 cu. yards 

(1,911 m
3
) of alternate materials such as stone, concrete rubble, concrete oyster balls, gabion 

rock, clam shell, and oyster shell. The permit states that both areas will be planted with the native 

oyster, Crassostrea virginica, at a density of four million spat per acre. The goals of the project 

include providing ecological services such as increasing the area of active oyster bottom, 

providing habitat for a variety of estuarine species and improving water quality. The project will 

provide educational opportunities for community members and college students. Finally, the 

project offers the opportunity for research on the use of alternate materials for reef building and a 

side by side comparison of 3-dimensional reefs and a shell pile oyster bar. The project may also 

be coupled with the restoration of submerged aquatic vegetation (SAV) and/or living shoreline 

projects. 

The purpose of this report is to evaluate the design, recommend construction materials, and 

develop an implementation plan with cost estimates for the construction of the three-dimensional 

http://mlis.state.md.us/2011rs/bills/hb/hb0208t.pdf
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oyster reefs.  In addition we recommend methods for both oyster and water quality monitoring. 

Some of the questions addressed in this report include: 

1) What are the advantages of 3-dimensional oyster reefs relative to 2-dimensional shell pile 

oyster bars? 

2) What is the best reef morphology for the restoration site? 

3) What are the materials available to construct 3-dimensional oyster reefs, what are the cost 

differences, and how do they differ in oyster recruitment/mortality and ecological services? 

4) What is the best way to set oyster spat on the 3-dimensional reef structure? 

5) How should restoration success be evaluated? 

6) What are some educational and research opportunities associated with the oyster reef 

restoration project? 
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Introduction 

The eastern oyster, Crassostrea virginica, has been an important component of the Chesapeake 

Bay estuarine ecosystem. Oysters act as biological filters by removing phytoplankton and 

particulate matter from the water, and as a consequence reduce nutrient concentrations and 

bottom hypoxia (Dame et al., 1984; Dame, 1996; Nelson et al., 2003; Newell et al., 2007; 

Grizzle et al., 2008).  Newell (1988) estimated that at pre-1870 population levels oysters could 

filter the entire Chesapeake Bay’s water volume in just 3 to 6 days during the summer. The 

filtration capacity of Bay oysters declined in the 20
th

 century with the estimated number of days 

to filter the Bay rising to 325 days in 1988 (Newell, 1988). However, the importance of 

biofiltration of the Chesapeake Bay by oysters and the role it plays in reducing bottom hypoxia is 

a topic of ongoing debate (Pomeroy et al., 2006; Newell et al., 2007; Pomeroy et al., 2007). 

Other ecosystem services that oyster reefs provide include providing habitat for benthic animals, 

facilitating fisheries, stabilizing benthic and intertidal communities and providing shoreline 

protection (Coen et al., 2007; Scyphers et al., 2011). 

Reduction in this keystone species’ once prolific populations in the Chesapeake can be attributed 

to various factors that seem to have compounded over time.  Historically, the oyster populations 

in the Chesapeake Bay were subject to overharvesting as early as the late 19
th

 century (Kirby and 

Miller, 2005), and with the invention of destructive mechanical harvesting tools such as dredges 

and patent tongs the damage to the fishery escalated (Rothschild et al., 1994; Jackson et al., 

2001). Not only were the oysters overharvested, but the oyster reefs themselves destroyed 

(Hargis and Haven, 1995, 1999; Paynter, 1996). Hydraulic-powered patent tongs introduced 

around 1950 were most destructive to the oyster bar’s substrate, flattening the reefs, and making 

them more prone to the effects of sedimentation (Rothschild et al., 1994). Additionally, 

waterfront construction and dredging beginning in the early 20
th

 century displaced sediment that 

settled and suffocated oyster beds.  Eutrophication began to cause hypoxic and anoxic conditions 

throughout the Chesapeake, creating massive oxygen-depleted dead zones where oyster reefs 

cannot survive. Furthermore, diseases caused by parasitic protozoans decimated large numbers 

of oysters as early as 1949 (Kirby and Miller, 2004). These combined factors have reduced 

oyster populations in the Chesapeake Bay to less than 1% of their historic highs (Greenhawk et 

al., 2007; Wilberg et al., 2011; National Marine Fisheries Service, 2012). Beck et al. (2011) 

estimated that more than 85% of the world’s oyster reefs are gone. 

With the decline of the oyster’s biofiltration capacity and an increase in nutrient pollution and 

sediment run-off, phytoplankton densities and suspended sediments have increased, blocking 

light that would otherwise penetrate deeper into the water column and support submerged 

aquatic vegetation (SAV) communities (Kemp et al., 2004, 2005). The decline of SAV has 

further degraded the Chesapeake Bay ecosystem as SAV communities provide numerous 

ecological services (Orth et al., 2006).  
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Despite all the difficulties facing reestablishment of the once prolific oyster fishery, many recent 

efforts have been aimed at restoring oyster reefs (e.g. Luckenback et al., 2005; Schulte et al., 

2009a, 2009b; Burke, 2010).  In the past, oyster reef restoration projects generally involved 

dumping small piles of oyster shells in designated areas.  However, these efforts to restore reefs 

often failed from the onset due to mortality, poor recruitment, disease, stress and predation 

(Lenihan, 1999; Mann and Powell, 2007).  Yet, over the past decade there has been a dramatic 

resurgence of successful oyster restoration projects that have the potential to restore lost 

ecological services (Luckenback et al., 2005).  Although Mann and Powell (2007) concluded that 

efforts to restored oyster populations in the Chesapeake have failed, Powers et al. (2009) found 

that oyster reef restoration in no-harvest sanctuaries was largely successful. 

Project Goals 

Having clear goals is essential for evaluating the success of restoration projects (Allen et al., 

2011). Coen et al. (2007) identified six major goals for oyster restoration projects. These are: 

habitat creation, shoreline stabilization, water quality improvement, harvesting enrichment, 

broodstock enhancement, and educational outreach.  

The permit application for the St. Mary’s oyster reef restoration project states that it is for 

ecological and educational purposes. Purposes and goals are further described in the Rotary 

International District 7620 grant application for the project. The application identifies the 

following “elements” to be addressed: 

 providing optimal conditions for oyster growth by constructing 3-demensional reefs; 

 reducing turbidity and nutrient loads around the project site to extend the optimal 

conditions to greater depths; and 

 protecting and promoting oyster reproduction and other marine biodiversity at the project 

site. 

“Objectives” are also defined in the permit application that include: 

 significantly increasing the number of oysters within the St. Mary’s River Oyster 

Sanctuary;  

 engaging an estimated 5,000 people in the program to enable hands-on experience and 

education; 

 measuring the productivity in the new reef by size and in-stream spat production; and 

 measuring the improvement in water quality. 

The project also includes opportunities for research and providing useful information for future 

oyster restoration projects. These include: 
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 conducting research on the ecological benefits of 3-demensional oyster reefs as compared 

to a shell pile oyster bar; and 

 comparing a variety of artificial substrates used in oyster reef restoration. 

All of the above can be combined into a few clear goals: 

1) Construct artificial oyster reefs in the St. Mary’s River Oyster Sanctuary that sustainably 

restore native oyster habitat and ecosystem services. The reefs should support the growth 

and recruitment of oysters and other species associated with oyster reefs and should 

provide other services that include improving water clarity and oxygen levels. 

2) Conduct monitoring and scientific research on this project to demonstrate the benefits and 

sustainability of 3-dimensional reefs as a restoration technique that can be potentially 

replicated elsewhere in the Chesapeake Bay and the world. Communicate the results of the 

research to stake holders, managers and the scientific community through publications and/ 

or presentations. 

3) Provide educational outreach opportunities by involving students. rotarians and members 

of the local community in the construction and monitoring of the reefs. 

These goals have guided our review of the literature and our recommendations for the 

construction of the reefs and the monitoring of restoration success. 
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Reef Design 

Morphology 

Oyster reef structure, long since eradicated on the east coast, was a huge pile of shell extending 

from deep water to the surface, and these reefs were exposed at low tide (Fig. 6).  Known as 

“rocks” because of their exposure, they were so extensive that they were hazards to navigation 

(Wharton, 1957). Native Americans and European colonists harvested of oysters, but their 

impact was relatively slight because of low human population density (Miller, 1986). All this 

changed with human population increases and refinement of harvesting technology (Kirby and 

Miller, 2005). The tremendous Chesapeake Bay oyster harvests began during the Civil War and 

peaked in the 1880’s when 20 million bushels were taken in Maryland alone. Most scientists 

agree that the declines in oyster harvests between 1880 and 1905 were due to over-fishing and 

the wanton destruction of the reefs themselves (Rothschild et al., 1994; Jackson et al., 2001). 

Oystermen contend that oyster beds need to be continuously “scraped” with dredges to remain 

free of sediment that suffocates and kills oysters, but to our knowledge this has never been 

substantiated. The susceptibility of flattened reefs to sedimentation may be a consequence, in 

part, to their loss of three-dimensional structure (Rothschild et al., 1994).  It is likely that mounds 

of dead shell underlying a veneer of living shell promotes water circulation and improves the 

ecological filtering capacity of oysters.   

Vertical relief in oyster reefs decreases sedimentation on the reef, reduces hypoxia, increases 

flow rates and increases oyster survival (Hargis and Haven, 1999; Lenihan, 1999; Coen et al., 

2007). Oyster reef structure plays a key role in marine ecosystems by altering hydrodynamic 

conditions (Nelson et al., 2003). For example vertical reefs also allow for infectious materials to 

be carried away from the reefs due to the higher flow rates (Hargis and Haven, 1999; Lenihan, 

1999). Overall, oyster reefs with greater relief and more interstitial space tend to have greater 

success and survival of oysters. Schulte et al. (2009a) found that high relief reefs in the Great 

Wicomico River, Virginia, had 4 times as many oysters than low relief reefs and that recruitment 

was greater and more consistent on the high relief reefs. According to Lenihan (1999) taller reefs 

generally perform better in all conditions, regardless of water depth. Higher reefs afford for 

greater water flow, which reduces sedimentation and prevents hypoxia. He found that water flow 

speed was significantly greater over artificially constructed “tall” reefs of 1-2 meters in height in 

3-6 meters water depth, as compared to water flow speeds at similar depths lacking reef 

structures (Fig. 7). Oysters in these tall artificial reefs experienced significantly greater growth 

rates when compared to oysters on short (0.1-0.6 meter) reefs, likely due to enhanced feeding 

rate and efficiency from faster flowing water. Mortality was also significantly reduced in taller 

reefs because sedimentation, burial, and parasitism were inhibited by increased flow speed. 

Moroney and Walker (1999) also compared oyster growth and survival at different heights and 

found an overall significantly higher oyster survival and growth rates higher on the reef 

compared to those near the bottom. Therefore, instituting height and width requirements for 
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oyster reef construction based on water depth seems wise and would likely reduce mortality and 

vastly improve reef sustainability. 

Vertical relief also enhances the habitat for other species, including many fish species (Coen et 

al., 2007). Natural oyster reefs are loose open structures. Habitat complexity created by crevices 

and interstitial spaces allows for higher survival rates by creating refugia from predators and 

reducing physical stress (Bartol et al., 1999). A more complex reef will have greater community 

diversity because it provides an abundance of shelter and nesting sites (Coen et al., 2007). 

Hence, a constructed reef using artificial materials should also have crevices and substrate 

complexity to provide similar ecosystem services to that of a natural reef. 

Current velocities affect the survival and growth of oysters (Lenihan et al., 1996), and vertical 

relief increases the velocity of flow over a reef (Fig. 7; Lenihan, 1999). Tidal currents at the 

project site are oscillatory, flowing parallel to the shore at velocities generally less than 0.1 ft/sec 

(3 cm/sec) (USACE, 2006). The shoreline in front of the College has historically eroded at a rate 

of around one foot (0.3 m) per year. Most of the energy for the movement of sediments comes 

from wave action, not tidal currents, with the largest waves approaching the site from the 

northwest (USACE, 2006).  The construction of 3-demensional reefs at the project site should 

increase the current velocity with distance from the bottom, reducing sedimentation and 

increasing oyster survival and growth (Lenihan, 1999; Coen et al. 2007). In addition the reefs 

should protect the shoreline by providing natural breakwaters, reducing erosion rates (Coen et 

al., 2007; Scyphers et at., 2011). Protected areas behind vertical reefs may be more suitable for 

restoration of submerged and emergent vegetation. 

Another important characteristic is reef arrangement. Natural reefs are often irregular in shape 

and can be oriented parallel or perpendicular to the contours of the bottom and prevailing bottom 

currents (Hargis and Haven, 1999; Allen et al., 2011). The location of cultch (substrate for 

oysters to set on) and currents will affect the shapes and arrangements of reefs. Restored reefs 

may be single large mounds or fragmented into a cluster of smaller reefs. Fragmenting the reef 

increases the surface area and edge (Coen et al. 2007). The USACE Native Oyster Restoration 

Master Plan (USACE, 2012) recommends that reef fragmentation be part of the oyster reef design. 

Hargis and Haven (1999) suggest that an ideal arrangement is to have a large brood stock 

preservation and spawning reef in the center surrounded by numerous small satellite production 

reefs (Fig. 8). However, not much is known about how habitat fragmentation affects the 

dynamics of reef systems (Coen et al., 2007).  

Reef Materials  

Because of the scarcity of oyster shell, a variety of alternative materials have been used for 

constructing oyster reefs (Schulte et al., 2009b). While these alternative materials have generally 

been used alone (Burke, 2007; Schulte et al., 2009b), they can be used in combination with an 

overlying 10 to 20 cm thick veneer of oyster shell (Schulte et al., 2009b; USACE, 2012) as has 
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been proposed for this project (Fig. 4). We provide here an evaluation of oyster reef restoration 

materials for the construction of 3-dimensional reefs.  

Oyster Shell  

Oyster bars or oyster reefs are made of live oysters, dead oyster shells, and shell fragments.  The 

core of the reef is made of dead shells and shell fragments, silt, sand and detritus, and the veneer 

of the reef has the living oysters and shells of recently dead oysters (Hargis and Haven, 1999).  

Several studies have found that oyster shell is overwhelmingly the best substrate for oyster reef 

reconstruction because oysters are the natural material of the reefs and oyster spat preferentially 

settle on shells as opposed to other alternative substrates like concrete (Eastern Oyster Biological 

Review Team, 2007; Brumbaugh and Coen, 2009; Powers et al., 2009). However, oyster shell 

has very limited availability and is a quickly declining resource. According to Campbell (2008) 

at the Maryland Department of Natural Resources (DNR), oyster shell was dredged from upper 

bay in the past and planted in other, restoration areas of the Chesapeake Bay. Therefore, few 

shell deposits remain as much of the shell has been harvested (Seliger and Boggs, 1988).   

Maryland DNR would also use fresh shell from the oyster industry in Maryland to plant on the 

bottom of the Bay, however with the oyster industry’s decline, there is still not enough oyster 

shell for everyone who wants it. There is a very well run program that has been recycling oyster 

shell in South Carolina since 2001, and this South Carolina Oyster Restoration and Enhancement 

(SCORE) program is supported by the South Carolina Department of Natural Resources (2012).  

Recycling programs also exist in North Carolina, and there are start up programs in Alabama, 

Georgia, Louisiana, New Hampshire, and Virginia (Brumbaugh and Coen, 2009). Oyster shell 

must weather and dry for at least 6 months to make sure no infections are introduced into the 

water, but otherwise recycled shell is a great substrate (South Carolina Department of Natural 

Resources, 2012). Oyster restoration projects around the Chesapeake Bay are seeking alternative 

substrates with which to build reefs instead of natural oyster shell. Another possibility is building 

a reef core with an alternative substrate and covering it with a thin veneer of oyster shell. 

Clam Shell 

One of the most widely used of the substrate alternatives to oyster shell is clam shell. Clam shell 

is one of the most natural materials used for restoration, so no special permits other than those 

required for using oyster shell are required (Nestlerode et al., 2007; National Oceanic and 

Atmospheric Administration, 2012). According to Mann and Powell’s (2007) assessment of 

oyster restoration goals in the Chesapeake, shell generated by the offshore surf clam and ocean 

quahog fisheries have the greatest potential for reef creation in the Chesapeake Bay. They 

suggest better management of this resource for usage in an environmentally constructive 

manner. In a review by Coen and Grizzle (2007) for the Atlantic States Marine Fisheries 

Commission, they note that New Jersey artificial reef sites constructed from 20-25% surf clam 

and 75-80% ocean quahog shell had equal spat set compared to reefs entirely constructed of 

oyster shell. However, spat settlement on ocean quahog was significantly lower than on oyster 

shell. Despite this difference, they deemed the clam shell mixture a successful alternative to 
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oyster shell. Soniat et al. (1991) report greater settlement of oysters on clam shell when 

compared to concrete and gravel. Additionally, they found that settlement on clam shell was 

equivalent to settlement on limestone. Nestlerode et al. (2007) compared oyster settlement and 

survival on artificial intertidal reefs constructed with oyster and surf clam (Spisula solidissima) 

shell. There was no difference in recruitment between the two substrates, but higher post-

settlement mortality was observed on the clam shell reef. Furthermore, they constructed a clam 

shell reef at a subtidal location. Shell morphology and substrate quality varied depending on the 

location on the reef mound. Settled oysters were largest and more numerous at the base of the 

reef where the clam shell fragments were larger, which afforded greater interstitial space. The 

shell was highly fragmented and compacted at the crest of the reef, so the oyster communities 

were much less vigorous at this elevation. The lack of interstitial space makes young more 

vulnerable to predation, and provides little refuge for other members of the benthic community 

(O’Beirn et al., 2000). However, clam shell has other advantages in that it is one of the lightest 

cultch materials per unit surface area, and it becomes less imbedded in the substrate when 

compared to limestone, gravel, and concrete (Soniat et al., 1991). The substrate of our proposed 

site has a high percentage of sand, so sinking of reef materials should not be an issue. In an 

oyster restoration report by the United States Army Corp of Engineers (USACE, 2012) surf clam 

shells were found to be fragile and break more easily than hard clam shells, providing very little 

interstitial space. However, hard clam shells which would produce larger interstitial space are in 

short supply.       

Concrete 

The Louisiana Department of Wildlife and Fisheries (LWFW, 2004) compared survival of young 

oysters and oyster size when grown on crushed limestone, crushed concrete, and crushed oyster 

shell. Surprisingly, they found much higher survival on the limestone and concrete. However, 

oyster size was significantly larger on both the concrete and oyster shell when compared to the 

limestone. They also discuss costs of the three materials. As of 2003 in Louisiana, crushed oyster 

shell ($35.71/yard
3
) was actually the cheapest, followed by crushed concrete ($38.71/yard

3
) and 

finally crushed limestone ($39.71/yard
3
). However, after the experiment, it was calculated that 

crushed oyster shell actually produced the least mean number of seed oysters/dollar (73.09), 

followed by crushed limestone (237.79) and finally crushed concrete (337.18). They concluded 

that considering all costs and success rates, crushed concrete was the most suitable cultch 

material. Because all these materials were crushed and because the goal was having individual 

oysters as an end product, reef building did not seem like an objective in the LDWF experiments.  

They did mention that the reduction of material volume may have played a role in spat set and 

add that alterations of mass, density, and shell structure may also account for the lower number 

of oysters on shell. Field experiments by Soniat et al. (1991) demonstrated that oyster settlement 

on concrete is significantly greater than settlement on gravel. However, settlement on concrete 

was not significantly different from either limestone or clam shell. Additionally, fouling 

appeared to be greater on concrete and limestone when compared to gravel. According to the 
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USACE (2012), reefs constructed with artificial materials such as concrete are less likely to be 

poached.  Additionally, artificial materials are structurally persistent in the environment, which is 

another attractive feature.   

Limestone and Sandstone 

Another commonly considered alternative to oyster shell are natural stone materials such as 

limestone and sandstone. Soniat and Burton (2005) mention an older study by Chatry et al. 

(1986) where about twice as much spat set was observed on limestone when compared to 

clamshell. Considering this, Soniat and Burton (2005) tested to see if quartzite sandstone was a 

suitable alternative to siliceous limestone. However, they found an overwhelmingly higher 

settlement on limestone when compared to sandstone. They concluded that sandstone is not an 

economically feasible alternative substrate considering the low spat yield. Soniat et al. (1991) 

report a greater oyster settlement on limestone when compared to clam shell and gravel in a field 

experiment. In a laboratory setting, spat set was greater on limestone when compared to concrete 

and gravel, but not clam shell.  The LDFW (2004) report discussed earlier reported that crushed 

limestone was more suitable for the production of seed oysters when compared to crushed oyster 

shell, but that limestone was not as suitable as crushed concrete. While limestone has attracted a 

large number of spat in a number of studies, it may also be one of the most expensive alternative 

materials. According to LDWF crushed limestone was more expensive to obtain than either 

crushed concrete or crushed oyster shell in 2003.            

Reef Balls 

Reef Balls™ have been found to be a good form of alternative substrate for restoration of many 

different kinds of reefs. Reef Balls™ are used for and have had success in coral and oyster reef 

restoration and have been used as mangrove pots to enhance fishing/diving and reduce erosion 

(Reef Balls Foundation, 2011). They are hollow concrete mounds with large holes in them, and 

depending on the depth of the water, need to be anchored to the substrate. They can be made in a 

variety of sizes and styles, and can even have different coverings such as oyster shell fragments. 

They are built of marine friendly concrete, which has a lower pH than normal concrete. They 

range in size from very large structures to the “oyster” style which is quite small (1.5 ft. tall) and 

designed for use in large numbers to build reefs. They cost $40 apiece plus shipping, or the mold 

can be purchased and the balls constructed on site. According to the NOAA Chesapeake Bay 

Office (2012), all alternative substrates must be analyzed to make sure they do not contain toxic 

materials, which could leach into the water harming the ecosystem. Many tests must also be done 

to see if the substrate will succeed as an oyster reef, and the reef should be monitored after 

construction and deployment. In Maryland special permits are required to place anything other 

than oyster and clamshell on the bottom. Reef Balls™ had been used in the Chesapeake Bay with 

limited success, so the Chesapeake Bay Foundation tried an experiment in which some of the 

Reef Balls™ were placed in tanks with larvae so spat would set on the balls before they were 

placed in the Bay (Blankenship, 2006).  After one year, the Reef Balls™ were completely 

covered by oysters and unrecognizable, however the Reef Balls™ that had not been pre-set with 
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spat had nothing on them. They also attempted a project where they mixed oyster shell fragments 

in with the concrete and the oysters set much better on them. Overall, Reef Balls™ have great 

potential for oyster reef substrate in Chesapeake Bay and St. Mary’s River restoration projects. 

Porcelain 

Recycled porcelain (such as toilets and sinks) has been studied as an alternative substrate for 

oyster reefs, but few reports document the success of porcelain as an acceptable substrate. 

Porcelain is mentioned in reports by the Eastern Oyster Biological Review Team (2007), Mann 

and Powell (2007), Brumbaugh and Coen (2009), Burke (2010), as well as on NOAA’s 

Chesapeake Bay Office website. The Bay Journal carried two articles (2001, 2004) covering a 

project in the Back River near Langley Air Force Base and the Lafayette River in Norfolk where 

an oyster reef was constructed of crushed porcelain fixtures. After two years they found that this 

was a suitable substrate for oysters. However, moving and preparing the porcelain was actually 

more expensive than using natural oyster shell.This is still a fairly new option for a reef 

substrate, so more research is necessary before Porcelain could be considered for use in the St. 

Mary’s River.   

Recommended Reef Design 

Oyster reef restoration and the research on materials used in restoration efforts is still in its 

infancy. Luckenback et al. (2005) state that there are few analyses of oyster reef restoration 

outcomes and that few study results have been published in the primary scientific literature. They 

also note that many state and federal agencies as well as local groups are now engaged in oyster 

restoration projects, but that metrics for the evaluation of ecological restoration goals are just 

now emerging.  

Because the science is new and there has not been sufficient time to empirically conclude that 

one material out performs others, our evaluation of the literature has not found a fool-proof 

protocol for the St. Mary’s River oyster reef project. In addition, the cost and availability of 

materials is quite variable and has influenced our final recommendations. Clearly, oyster shell is 

the best material for building reefs, but its availability is quite limited and as a consequence 

relatively expensive ($2.50-$5.00/bushel). This has driven those involved in restoration work to 

seek alternative materials. It seems that clam shell is the next best material, but again clam shell 

is becoming scarce and is not as durable as other materials. Consequently, researchers have 

turned to concrete rubble and structures made from poured concrete, and given concrete’s 

availability, it is probably our best option. Porcelain is not a likely candidate for the St. Mary’s 

River in our estimation because of availability, cost, and an unproven track record. 

The building of 3-dimensional reefs with alternative materials in an area where the harvest of 

oysters is prohibited presents a rare opportunity for research on reef design and the use of 

alternative materials. Furthermore, we are exploring opportunities to collaborate with MD DNR 

on this research. Considering these research opportunities and our evaluation of construction 
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materials, we are recommending using concrete rubble and poured concrete structures (Reef 

Balls™) for the substructure of the St. Mary’s reef. The purpose of the substructure will be to 

build elevation into the reef core, enhancing water circulation over and through the structure. We 

also advocate that some concrete rubble and Reef Balls™ be covered with a veneer of loose 

clean oyster shell, 10 to 20 cm deep (Hargis and Haven, 1999; Luchenbach et al., 2005). Some of 

these treatments should be seeded with spat on shell while others should not be seeded, thus 

providing a controlled experiment to assess natural spat set on both the substructure of the reef 

itself and the substructure with an oyster shell veneer. The construction of multiple small reefs 

with different combinations of core materials and top treatment will inform the later construction 

of large-scale reefs in the St. Mary’s River. The fragmented reef design proposed here resembles 

the arrangement shown by Hargis and Haven (1999; Fig. 8) and has the advantage of increasing 

surface area and rugosity, features that should enhance oyster settlement and growth. 

We propose two phases to reef construction at the St. Mary’s River/St. Mary’s College site. The 

first phase will be a small-scale pilot project that should be started in the summer-fall of 2012 

with construction being finished in the winter of 2013. Six mound reefs, approximately 6 m in 

diameter and 1.5 m tall (Table 1), will be constructed close to the shore within the restoration 

area (Fig. 9). Three of these reefs will have concrete rubble at their core and three will have Reef 

Ball™ cores (Fig. 10). One concrete-core and one of the Reef Ball™-core reefs will receive a 

veneer of 20 cm of oyster shell and then seeded with spat-on-shell, two reefs will receive only 

veneer, and two reefs will have neither the veneer of shell nor the spat treatments. The purpose 

of these three treatment types is to assess the core material’s ability to attach and hold spat. Our 

goals for the pilot project are to assess the difficulty of reef construction, to preliminarily 

evaluate the success of the reef designs, and to compare the treatments for their ability to 

enhance oyster reproduction. 

Table 1. Proposed reef structures to be constructed in the St. River oyster restoration area. 

Substructure Covering Seeding Notes 

Concrete rubble None No Control 

Concrete rubble 

Oyster shell 

veneer No  

Concrete rubble 

Oyster shell 

veneer Yes  

Reef Balls™ None No Control 

Reef Balls™ 

Oyster shell 

veneer No  

Reef Balls™ 

Oyster shell 

veneer Yes  
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The second phase will be the construction of 18 experimental mound reefs at different depths, 

but each mound reef will be approximately 6 m in diameter and will vary in height up to 2-2.5 m 

(Table 2). The pilot project may shed some light on the design of second phase reef cores, but we 

anticipate using the same 6 treatments with 3 replicates of each as used in the pilot project phase 

(Table 1, Fig. 9). A minimum of three randomly assigned replicate reefs for each treatment is 

required for statistical analyses and for the evaluation of restoration success. The reefs will be 

arranged in two rows along the outer edge of the restoration area with the rows being about 5 m 

apart to minimize differences in depth. The reefs in the two rows will also be staggered so they 

have similar exposure to waves coming from the northwest (Fig. 9). Coupled with this, 3 areas in 

the shell bar area (approximately 6 m in diameter) will be covered with oyster shell that has not 

been seeded. These areas, which will have no vertical structure, will allow for comparison of the 

natural set on the 2-dimensional shell oyster to the 3-dimensional reefs in the northern part of the 

study site. Timing of the second phase will depend on the availability of funds, but we 

recommend that construction of reefs begin in the spring of 2013 and completed by mid-summer 

of that year. 

Table 2. Characteristics of proposed 3-dimensional reefs.  The Phase II reefs in row 1 are the furthest from 

shore. Volumes for reefs are calculated for oblate domes. See Fig. 9 for position of reefs in the restoration 

area. 

Reef Row  
Number 

of Reefs 

Depth 

Range 

Below 

MLLW    

(m) 

Average 

Reef 

Height 

(m) 

Reef 

Diameter 

at Base 

(m) 

Reef Area 

on 

Bottom 

per Reef  

(m
2
) 

Reef 

Volume 

per Reef 

(m
3
) 

Phase I 

Reefs 
6 1.8 1.5 5 to 6 16 24 

Phase II 

Row 1 
9 2.4 to 2.7 2.3 6 28 43 

Phase II 

Row 2 
9 2.1 to 2.3 1.9 6 28 36 

 
 

  Total for 

All Reefs 
605 856 

 

An area inshore from 3-dimensional reef reefs will remain available for construction of 

additional reefs if funding becomes available. This area could be used to test the use of other reef 

construction materials such as clam shell and/or rock.   
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Evaluation of Restoration Success 

Kennedy et al. (2011) found that of over a thousand oyster projects in Maryland and Virginia 

between 1990 and 2007, less than half included both restoration and monitoring. They and others 

(Coen and Luckenbach, 2000; Allen et al., 2011) have called for future oyster restoration 

projects to have goals linked to clearly articulated success criteria and evaluation methodology 

that includes replication, quantitative sampling and monitoring prior to and after the restoration 

activities. The communication of restoration and evaluation results to a larger audience is just as 

important as articulating goals. Of the three goals identified for this project, two are related 

directly to function of the restored oyster reef. The first goal is to restore native oyster habitat 

and ecosystem services. The second goal is to conduct scientific research specifically focusing 

on comparing the ecological function of 3-dimensional reefs to a shell oyster bar and for 

different alternative substrates. Methods to evaluate restoration success linked to these goals are 

described in the following sections. Although oyster reefs have multiple impacts on the 

surrounding environmental conditions, reef health and success is best measured through 

monitoring of oyster densities and growth rates, spat settlement and survival patterns, and 

sampling of the reef community. The reef's impact on local water quality can be monitored 

through measuring several key water quality indicators which, when collected over a series of 

years, can be used to examine both short and long term impacts of the oyster reef on water 

quality.  

Oyster Monitoring 

Live oyster density, biomass and spat settlement have all been used to assess the health of oyster 

reefs and the suitability of an area to support an oyster reef (Luchenbach et al., 2005; Powers et 

al., 2009, Allen et al., 2011; USACE, 2012). As the St. Mary’s oyster reef project will begin with 

new substrate with and without artificially set spat, spat density will be used to assess restoration 

success in the first year. Survival and growth rates of spat set in the first year and along with 

biomass will be measured in the second and third year. Long term targets are a mean density of 

50 oysters per m
2
 and 50 grams dry weight of oyster biomass per m

2
 and at least two year 

classes. These are targets recommended by Allen et al. (2011). However, USACE (2012) suggest 

that the biomass target of  50 grams dry weight per m
2 

will take 6 years to achieve and will 

require densities of 159 oysters per m² and greater to reach the biomass target. Monitoring 

methods are described below. 

For 3-dimensional experimental reefs with a shell veneer we will use methods modified from 

Luchenbach et al. (2005), Nestlerode et al. (2007) and Powers et al. (2009). Shell will be 

collected from reefs to a depth of 10 cm within quadrats that are 0.25 m x 0.25 m (0.0625 m
2
). 

Three quadrat samples will be collected from each reef, one from the top of the reef, one from 

the flank of the reef (0.8 m above the seabed) and one from the base of the reef (0.2 m above the 

seabed). Position of each quadrate on the reef will be recorded so that the same location will not 

be sampled more than once. Shell within each quadrate will be collected by SCUBA, placed in 
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mesh bags and transported back to the lab where they will be held in flowing St. Mary’s River 

water until processed. In the first year, live spat will be counted and measured (from the hinge to 

the ventral shell margin). In addition, “gapers” (dead oysters that have gaping shells and meat 

inside) and “boxes” (dead oysters with gaping shells but no meat) will be counted. Reefs will be 

sampled twice in the first year. In the second and third years, live oysters will be counted and 

placed into three size classes, < 25mm (spat), > 25 to less than 75 mm, and oysters > 75 mm 

(market oysters). Harding et al. (2008) and Mann et al. (2009) found that it took between 2 and 3 

years for oysters to reach 75 mm. Gapers, boxes and “scars” (marks left from recently detached 

oysters) will also be counted. Oysters greater than 25 mm will be measured, and the flesh will be 

harvested, dried and weighed. 

The methods described above will also be used to monitor oysters in the 2-dimensional shell 

oyster bar (3 quadrat samples from areas set with spat and 3 samples from areas with shell that 

were not set). 

For experimental reefs without veneers, oysters will be counted and measured within 0.0625 m
2 

quadrats in situ by SCUBA divers. If the concrete rubble is composed of small pieces (15 cm or 

smaller), then samples may be collected and transported to the lab as described for reefs covered 

with oyster shell veneers. Oyster biomass will not be measured for these reefs. 

Oyster Disease 

One of the factors causing the decline of oyster populations in the Chesapeake Bay is diseases 

(Andrews, 1979). Two protozoan oyster diseases, MSX, caused by Minchinia nelson, and 

Dermo, caused by Perkinsus marinus, have caused large-scale mortalities of oysters in the 

Chesapeake Bay. However, MSX is usually inhibited at salinities found in the St. Mary’s River 

Santuary (< 15 ppt; Ford, 1985) and is generally not prevalent in the river (Tarnowski, 2010). 

Dermo is less affected by salinity and has been prevalent at Pagan Point in the St. Mary’s River 

(Tarnowski, 2011). Since 1990 MSX has been found in 3 annual oyster disease surveys at Pagan 

Point, whereas Dermo has been found every year and often in prevalence greater than 90% (Fig. 

11; Tarnowski, 2011). 

As Dermo is prevalent on the Pagan Point reef, a reef near the St. Mary’s oyster restoration site 

(Fig. 2), and vertical relief increases the velocity of flow over a reef, potentially carrying 

potentially carrying infectious materials away from the reef (Hargis and Haven, 1999; Lenihan, 

1999), we recommend the monitoring of the prevalence of infected oysters on the experimental 

reefs and adjacent sampling sites on the shell bar reef. Dermo usually sporulate annually in May-

June, so it is best to monitor the oysters for the diseases from August to October (Andrews, 

1979). Two methods that are used to identify the disease are the thioglycolate assay and a PCR-

based assay (Robledo et al., 1998; Villalba et al., 2004). Dermo prevalence will be determined 

with the Ray’s fluid thioglycollate medium (RFTM) assay (Burreson, 2009; Paynter et al., 2010) for 

this project as this assay is used for the Maryland fall oyster surveys (Tarnowski, 2011) and will 
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allow for comparison to the reference reef at Pagan Point. As disease prevalence increases with 

age (Paynter et al., 2010) and does not normally appear until the oysters are 2 years and older, 

disease monitoring will begin two years after construction of the reefs. Analyses will either be 

conducted at St. Mary’s College or by staff of the Oyster Disease Research Project at the 

Cooperative Oxford Laboratory. We have been touch with the staff of this lab, and they are 

willing to train SMCM faculty members in the methods for detecting oyster diseases. 

Ecosystem Services 

Restoring ecosystem services provided by oyster reefs is the overarching goal for this and most 

other oyster restoration projects (Coen and Luckenbach, 2000; Luchenbach et al., 2005; Allen et 

al., 2011). Ecosystem services performed by oysters and oyster reefs include providing habitat 

for a diverse faunal community, biofiltration of phytoplankton and suspended solids and related 

nutrient removal, improved water clarity and stabilization of the bottom and shoreline (Nelson, et 

al., 2004; Walters and Coen, 2006). 

Oyster Reef Community  

In addition to providing a habitat for oyster settlement and growth, oyster reefs play an important 

role in the development of diverse biotic communities. Three-dimensional oyster reefs in 

particular provide an area for refuge, nesting and foraging for many species, and, thus, the 

success of an oyster reef should not be solely based on the abundance of harvestable-sized adult 

oysters (Luckenback et al. 2005). One way to understand and document the health of a habitat is 

through measurement of the biodiversity of the organisms residing in the area. Studies have 

documented that a higher amount of biodiversity is found on an oyster reef than on an adjacent 

oyster-barren, sedimentary habitat (Coen and Luckenback, 2000). 

We recommend methods described in Luckenback et al. (2005) and Coen et al. (2007) for 

quantifying reef-associated fauna. To sample small animals (fishes and crustaceans) resident 

within the reef, 30 cm diameter baskets will be filled with oyster shells or concrete rubble (for 

reefs constructed from concrete rubble without veneers) and will be embedded into the surface of 

the reefs. For reefs constructed of Reef Balls™ without veneers, the baskets will be filled with 

oyster shell. The baskets will be constructed of 30 cm diameter PVC pipe, cut into 15 cm 

lengths. The bottom end and three 15 cm oval shaped holes on the side will be covered with 1 

mm mesh to allow for exchange of water with the surrounding reef. The baskets will be 

periodically retrieved and transported to the lab for processing. Animals will be removed from 

the baskets, preserved and later identified and enumerated. Transient species will be estimated 

using minnow traps placed on the top of 3-dimensional reefs and on the shell bar area. Other 

methods such as seines, trawls and/or gill nets may also be used to sample transient species (see 

http://www.oyster-restoration.org/metrics/metricspdfs/AssocFauna01.pdf for a list of methods 

for monitoring fauna associated with oyster reefs). 

http://www.oyster-restoration.org/metrics/metricspdfs/AssocFauna01.pdf
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Water Quality  

Oysters may improve water quality by filtering suspended solids and algae from the water 

column (Nelson et al., 2004), with reductions in chlorophyll a concentrations (an indicator of 

phytoplankton densities) as high as 75% (Dame et al., 1984). The filtered solids and 

phytoplankton, and their associated nutrients, are then extruded from the oyster in the form of 

feces and pseudofeces (Kennedy, et al., 1996). Lower suspended solids and phytoplankton 

densities can reduce the severity of hypoxia in deep water (Newell, 1988), and improved water 

clarity from oyster biofiltration may facilitate the restoration of submerged aquatic vegetation 

(Newell and Koch, 2004).  

However, the degree to which oysters can control phytoplankton blooms and reduce hypoxia in 

the Chesapeake Bay has been debated (Pomeroy et al., 2006; Newell et al., 2007; Pomeroy et al., 

2007). On a smaller scale, Nelson et al. (2003) examined the effectiveness of small (2 x 3 m) 

transplanted oyster reefs in improving water quality in tidal creeks in Virginia. They found that 

average concentration of suspended solids both upstream and downstream of the oyster reef were 

lower most of the year; however, the oyster reefs did not have a significant impact on 

chlorophyll a concentrations until they were enlarged to 3 x 4 m. Plutchak et al. (2010) found no 

impact of restored oyster reefs on suspended solids and phytoplankton in tidal creeks along the 

Gulf of Mexico. In their study the reefs made up 10% of the area of the tidal creeks with target 

densities of 150 adult oysters per m
2
. They concluded that it is difficult to measure the effects of 

oyster biofiltration on water quality because they are localized and short-lived. 

The St. Mary’s River oyster reef restoration project will create 3-dimensional reefs that represent 

around 0.01% of the area of the St. Mary’s River Oyster Sanctuary (0.2% if the adjacent oyster 

shell bar is included), so the effects of the reefs on the overall water quality of the upper river 

will not be measurable. However, we predict that there will be localized improvements to water 

quality between and shoreward of the reefs. Although there are many varied indicators of water 

quality, the ones most directly impacted by oyster filtration are total suspended solids (TSS), the 

phytoplankton pigments chlorophyll a and phaeophytin, oxygen content, nitrogen concentrations 

and water clarity. Other parameters that affect oyster survival, growth and disease prevalence 

include sedimentation, temperature and salinity.  

To determine the effects of the reefs on water quality we recommend that three stations be 

monitored along a transect as shown in Fig. 9. One station will be seaward of the restoration 

area, a second will be between the rows of the experimental reefs and a third will be shoreward 

of the reefs. A fourth station will be in the center of the south restoration area over the shell bar. 

A fifth station will be located to the north of the restoration site at approximately the same 

distance from shore as experimental reefs (Fig. 9). A sixth reference station will be located over 

the natural oyster reef at Pagan Point (Fig. 2). The following parameters should be monitored at 

these stations every two weeks from early March until the end of October after the reefs are 

established. 
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 Temperature, salinity, oxygen, pH and chlorophyll a using a YSI 6600 Sonde (an 

electronic water quality monitoring device). Measurements will be taken at 0.5 m interval 

from the surface to the bottom. 

 Water clarity using either a Secchi disk or Licor submarine irradiance sensors. 

 Total suspended solids. Water samples will be collected at a depth of 0.5 m and filtered 

through pre-weighed GF (glass fiber) filters. The filters will be frozen until they can be 

processed at the Nutrient Analytical Services Laboratory (NASL; 

http://nasl.cbl.umces.edu/) at the Chesapeake Biological Laboratory (CBL).  

 Chlorophyll a and phaeophytin concentrations. A more accurate method than using the YSI 

Sonde to measure chlorophyll a is to filter water samples on GF filters, have the samples 

extracted and the extract analyzed with a fluorometer or spectrophotometer. The filters will 

be frozen until they can be analyzed by the NASL at the CBL.  

 Nitrogen concentrations as an indicator of the effects of the reef on nutrients. Water will be 

filtered through GF filters to remove TSS and phytoplankton, placed in vials and frozen 

until they can be analyzed for ammonia, nitrite and nitrate by the NASL at the CBL.  

In addition to monitoring periodically at these stations, we recommend that temperature and 

salinity be monitored continuously by placing a HOBO Conductivity Data Logger underwater on 

one of the pilings or buoys that mark the periphery of the restoration area. Alternatively, the 

continuous monitoring station on the St. Mary’s College pier can be upgraded and maintained. 

This station, which is not currently functional, uses YSI Sondes that record the parameters listed 

in the first bullet above. Relative current flow rates at the top, flank and base of the 3-

dimensional reefs can be measured using plaster blocks that dissolve at rates relative to the flow 

of water around them (Coen et al., 2007). Finally, sedimentation rates can be measured at the 

top, flank and base of 3-dimensional reefs using sediment traps as described in Lenihan and 

Peterson (1998). 

Cost Estimates 

Reef Construction 

We estimate the cost of the first phase (pilot project) to be $18,682 (Table 3). These funds would 

be used to construct the six mound reefs discussed in the Recommended Reef Design section. 

Approximately 165 tons of crushed concrete would be used for the 3 reefs with concrete cores 

while 75 Reef Balls™ would be used to make up the cores of these three reefs. The cost of 3 

concrete core reefs is $5,709, and the price of three reef ball core reefs is $4,711., and this price 

includes $3,646 for two Reef Ball™ molds (Bay Ball model).  A 20 cm oyster veneer for four of 

the six reefs will cost approximately $2,362, while marking of the site with buoys will require 

$1,900. We estimate that the placement of materials on the study site will require a heavy 

http://nasl.cbl.umces.edu/
http://nasl.cbl.umces.edu/
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industrial barge with front end loader to pick up and deposit both concrete rubble and Reef 

Balls™ at specific locations and depths. We estimate that this will cost approximately $4,000. 

Table 3. Pilot project cost estimates. 

Reef type Concrete core Reef ball core  Totals 

(Prices per reef)    

Crushed concrete $903   

Transportation $1,000   

Readimix concrete and additives  $355  

 $1,903 $355 $2,258 

    

Total for 6 reef cores   $6,774 

Bay Ball molds   $3,646 

Oyster shell veneer (two reefs) $1,181 $1,181 $2,362 

Barge and materials deployment   $4,000 

Study site marking buoys   $1,900 
    

Total pilot project cost   $18,682 

 

This cost estimate assumes that Rotary will want to take the opportunity to have Rotarians and 

other citizen volunteers involved in the building of the reefs and Reef Balls™ as an investment 

in the project’s success. Therefore, we have not included any labor costs apart from barge 

personnel for the placement of materials. The cost of this material placement is only an estimate 

and the price quite fluid. We expect that pricing will be based on bids received from marine 

construction contractors at the time the reefs are built. The seeding of the reefs with spat on shell 

also has not been included in the cost estimate as we presumed that this seeding material would 

be provided by the St. Mary’s River Watershed Association. We also should note that our 

estimates are based on the purchase of all materials. Considerable (up to approximately $10,000) 

cost savings might be achieved if recycled concrete could be obtained from some local 

demolition project or if an oyster shell donor could be located. Consequently, the cost of the pilot 

project should be viewed as a rough estimate rather than an empirical value. 

In estimating the cost of the second phase of the project we assumed that the total reef build out 

would include 18 mound reefs with the three different treatments used in the pilot study.  Each of 

the reefs in phase two is larger and has greater core volumes than the pilot study reefs. This is 

because phase two reefs are located further from the shore compared to the pilot study reefs (Fig. 

9). In addition, the reef ball reefs have a slightly different configuration in phase two of the 

project compared to the pilot study. In the pilot study we will make special provisions for 

stacking layers of Reef Balls™. However, this will not be possible when the reef ball core will 

be 2.0 and 2.5 m high. Because it is inadvisable to stack Reef Balls™, we propose that the same 

size balls and the same configuration from the pilot study, but that the Reef Balls™ rest on either 

a 0.5 or 1.0 m crushed concrete base, to build these reefs to a height of 2.0 and 2.5 m, 
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respectively. The estimated budget for phase two adjusts for these changes in water depth at the 

study site.  

Therefore, we based the cost of the second phase (Table 4) on the construction of 18 mound reefs 

and placement of shell on the 2.2 acre southern portion of the study area (identified as the shell 

bar area in the permit application). The base price for the cores and veneers of all 18 reefs is 

$48,630, and we estimate that $12,000 will be required for the placement of materials from a 

barge with front-end loader. A large part of phase two expense is shell for the south part of the 

study area. To place 0.2 m of shell on the entire 7,808 square meter (2.2 acre) shell bar would 

require 1,562 cubic meters of shell at $118,172.  Obviously, this cost could be halved by using a 

0.1 m thickness or by reducing the area by half.  Therefore, we estimate that the total cost of the 

second phase would be $178,802.  We are making the same project budget assumptions for the 

second phase of the project as we did for the pilot project. 

Table 4. Cost estimates for second phase and build out of 2.8 acre 3-dimensional reef (north) area and 2-

dimensional bar (south) area.  Heights of reefs (h) are variable because of water depth. 

 

Monitoring 

We recommend three years of monitoring beginning after the complete of the construction of the 

reefs. Water quality monitoring will take place twice a month from early March through October. 

We recommend 6 monitoring stations, so this is a total 96 samples for each parameter per year 

Reef type Concrete 

core 

2.5 m h 

Concrete 

core 

2.0 m h 

Reef ball 

core 

2.5 m h 

Reef ball 

core 

2.0 m h 

Totals 

(Prices per reef)      

Crushed concrete (tons) 94.4 75.4 37.7 18.8  

Crushed concrete (cost) $3,602 $2,782 $1,996 $1,175  

Transportation $2,000 $1,500 $1,000 $500  

Readimix concrete and 

additives 

  $355 $355  

Oyster shell veneer $762 $673 $762 $673  

Number of reefs  4 5 4 5  

Total for reef cores $15,933 $16,608 $7,519 $8,570 $48,630 

Barge and materials 

deployment 

    $12,000 

Oyster shell for 2-

dimensional reef (south 

part of study site) 

    $118,172 

      

Total phase two project cost    $178,802 
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(16 sampling periods x 6 stations). Oyster monitoring, reef community characteristics and oyster 

disease can be monitored less frequently (twice a year is adequate). While the monitoring will be 

planned and supervised by SMCM faculty, much of the actual monitoring will be done by 

SMCM students and community volunteers trained by SMCM faculty members. Estimated costs 

are described in Table 5. 

Table 5. Monitoring costs over a three year period. 

Monitoring Type  Year 1 Year 2 Year 3 

Oyster Monitoring     

 SCUBA rentals & air $500 $500 $500 

 Miscellaneous supplies $100 $100 $100 

Oyster Disease     

 Stains & reagents $100 $100 $100 

Water Quality Monitoring     

 Service to YSI 6600 Sonde $2,000   

 

Onset HOBO Salinity/Temperature Logger 

(underwater) $1,200   

 TSS Samples ($4.25 per sample x 96 samples) $408 $408 $408 

 Chlorophyll a ($6.75 per sample x 96 samples) $648 $648 $648 

 Phaeophytin ($1.50 per sample x 96 samples) $144 $144 $144 

 

Nitrogen (NH3, NO2, NO3) ($12.00 per 

sample x 96 samples) $1,152 $1,152 $1,152 

 

Miscellaneous supplies for current flow rate 

and sedimentation $200 $200 $200 

Boat Use    

 Gas and maintenance $1,000 $1,000 $1,000 

Planning and Supervision by SMCM Faculty $2,000 $2,000 $2,000 

Student Intern (Summer) $4,000 $4,000 $4,000 

TOTAL  $13,452 $10,252 $10,252 

TOTAL FOR ALL 3 YEARS    $33,956 
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Figure 1. Oyster sanctuaries and public shellfish fishery areas in the Chesapeake Bay 

(http://www.dnr.state.md.us/fisheries/oysters/eco_resto/sanctuaries.asp).  

http://www.dnr.state.md.us/fisheries/oysters/eco_resto/sanctuaries.asp
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Figure 2. Location of oyster restoration area adjacent to St. Mary’s College of Maryland and the natural 

reference reef at Pagan Point.
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Figure 3.  Layout of reef restoration area (from SMRWA permit application). 
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Figure 4. Cross-sectional view of the 3-deminsional oyster reef (from SMRWA permit 

application). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cross-sectional view of the shell pile oyster reef (from SMRWA permit application). 
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 Figure 6. Historic oyster reef structure (Hargis and Haven, 1999). 

Figure 7. Current velocity increases as water flows over 3-demensional reefs. (From Lenihan, 

1999). 
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 Figure 8. Diagram of a two-tier system of reef restoration. SPR = Satellite Production Reef.  

(From Hargis and Haven, 1999) 
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Figure 10. Design of ReefBall core treatment.  A.  ReefBall core .  B. Stacking of ReefBall layers .   

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Oyster population mortality estimates and prevalence of the diseases Dermo and MSX on the 

Pagan Point oyster bar (Tarnowski, 2011).   
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