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Introduction
Oyster populations and oyster reef habitat have significantly decreased around the globe (Beck et al.
2011), prompting oyster restoration projects at many scales in the United States, especially along the
Atlantic and Gulf Coasts (La Peyre et al. 2014, Schulte and Burke 2014), and around the world (Quan et
al. 2017).
Oysters and the associated oyster reef habitat support commercial fisheries and many other ecosystem
services, including shoreline protection and wave energy mitigation, nursery and foraging habitat for
reef-associated species, and enhanced water filtration (Ulanowicz and Tuttle 1992, Piazza et al. 2005,
Coen et al. 2007, Grabowski and Peterson 2007, Dunn et al. 2014, Walles et al. 2015, George et al.
2015).
Restoration projects to construct reefs and enhance oyster populations historically used oyster shell in
many forms (recycled, fossilized, dredged) as the optimal hard substrate (Levine et al. 2016, Mann and
Powell 2007, Waldbusser et al. 2011). But as oyster shell became less available and/or affordable,
people have tried various alternative materials to build hard reef structure where oysters larvae can
naturally settle or be planted. This report provides an inventory of these substrate materials and notes
their characteristics and effectiveness based on published studies.

The Challenges of Natural Oyster Shell
Shell has been the preferable substrate for restoration due to its biological adequateness for oyster
recruitment, settlement, and retention (Tamburri et al. 1992, 2007, 2008). In the Chesapeake Bay, up
until the early to mid-2000s, oyster shell was the main substrate used for oyster restoration. However,
issues with shell cost, availability, and allotment are growing around the world, including in the
Chesapeake Bay region, which makes obtaining shell for restoration purposes more challenging (Stokes
et al. 2012). Availability references the amount of oyster shell, whether “fresh” or “dredged,” that is
available for use at any given time. This depends on the amount of shell recycled by restaurants,
returned by shucking houses, and dredged from within the Chesapeake Bay. Allotment refers to the
distribution of shell.
Oyster shell is used for oyster restoration projects by federal, state, and local governments and
nonprofit groups for replenishment of public bars for the commercial fishery and for large- and smallscale oyster aquaculture endeavors. With high demand for oyster shell, determining how shell will be
distributed among multiple interests is challenging. For example, in Virginia and Maryland, aquaculture
is increasing. In 2015, 135.6 million single oysters and 46,500 bushels of spat-on-shell oysters were
planted in Virginia (VIMS MAS 2016 Report). Aquaculturists in Maryland harvested just under 50,000
bushels in the same year from their leases, a huge expansion since aquaculture laws were streamlined in
2009 (SB 271). In addition to its work on restored oyster bars, the Oyster Recovery Partnership reported
working with watermen to place approximately 200,812 bushels of oysters on public oyster ground in
2015 and 269,920 bushels in 2016 (ORP 2016 Report, J. Baxter, pers. comm.). An accounting of shell
planted versus shell harvested in Maryland shows more shell leaving the water than going back. In 2015,
roughly 383,000 bushels of oysters were harvested in Maryland waters, whereas only 200,000 bushels
of shell were replanted (J. Baxter, pers. comm.).
The increase in demand for shell helps explain the expected, but rapid, increase in shell prices. Shucked
shell in Maryland increased from $0.50 per bushel in 2006 to $2.00 in 2015; Virginia saw similar
increases from $0.50 to $3.00 per bushel (MD DNR, ORP, VMRC). Despite potential difficulties with the
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future of shell availability, the Virginia Marine Resources Commission planted 450,000 bushels of
dredged shell in 2017. The current shell-dredging permit—issued by the U.S. Army Corps of Engineers—
is valid through October 2022. With costs and future limitations in mind, dredged shell may not be a
reliable resource into the future.
These challenges and others have led managers, restoration practitioners, and industry to seek other
options for producing oysters and restoring reefs.

Alternative Substrate Options
Restoration efforts and scientific research projects have tested and used a variety of alternative
substrates for increasing the amount of hard substrate and the ecosystem services associated with
oyster reefs.
Alternative substrate is an umbrella term that encompasses any substrate used for oyster reef
restoration other than the area’s native oyster shell (Brumbaugh and Coen 2009).
The most commonly suggested alternative substrates for oyster reef restoration include:
•
•
•

Biogenic: surfclam shell, dredged shell
Geologic: sandstone, stone (including granite and amphibolite), and limestone marl
Anthropogenic: porcelain, concrete (including crushed, Oyster Castles™, and Reef Balls™), and
stabilized coal ash

Some considerations for choosing to use alternative substrates include the objectives of the reef
construction (harvest or ecological restoration); reef size; spatial extent and height; the physical,
chemical, and biological acceptability for oyster survival; recruitment and growth; likelihood of
supporting associated reef species and ecosystem services; and potential effects on navigation,
commercial fishing, and recreation (MD OAC, Oyster Summit, VA Blue Ribbon Panel, USACE Oyster
Restoration Master Plan).
An overview of results from scientific studies (both peer-reviewed and white papers) on these
alternative substrates are presented below.

Porcelain
Porcelain was an attention-grabbing alternative
substrate used in Virginia tributaries in the early 2000s
(Bay Journal 2004) and has been used more recently in
the Gulf of Mexico (Dahle 2012, George et al. 2015,
Graham et al. 2017) and in waters off New York City
(Office of the Mayor 2016). Research has found that in
terms of spat settlement over four months, porcelain
performed no differently than limestone, concrete,
river rock, or oyster shell reefs (George et al. 2015).
Similar findings were reported by the Virginia Marine
Crushed porcelain before implementation in Jamaica Bay,
Resources Commission (VMRC), with spat numbers
New York City. Photo: New York City Department of
similar on porcelain reefs to natural oyster shell (Bay
Environmental Protection
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Journal 2004). In addition to the biological suitability, an additional appeal of using porcelain is the idea
of tapping into “waste” materials that would otherwise end up in landfills. Logistical problems, like
transportation of materials and negative public perception of “potty-reefs,” would need to be addressed
(Dahle 2012, Bay Journal 2004). In addition, further research is needed to determine whether porcelain
is an ecological and economical sound choice for large-scale oyster restoration substrate.

Concrete
Concrete is one of the most commonly used alternative substrates for oyster restoration. This is in part
due to its material characteristics like diversity in size and shape, ready availability of concrete, ease of
manufacture, and material longevity (Haywood et al. 1999, Lipcius and Burke 2006, Dunn et al. 2014,
Theuerkauf et al. 2015). Concrete can be obtained from construction project scraps (Clark et al. 2013) or
as manufactured and engineered (Drexler et al. 2014, Theuerkauf et al. 2015).
Like coal ash and granite (discussed below), concrete has been found to be effective as an alternative
substrate in terms of oyster productivity and other ecosystem services. In terms of oyster metrics,
elements tested include oyster spat settlement, recruitment, growth, size of oysters, density and
biomass of oysters, and health of oysters.

Concrete added to the Piankatank River. Photo: U.S. Army Corps
of Engineers

Deploying reef balls in the Chesapeake Bay. Photo: CCA Maryland

Haywood et al. (1999), Greene and Grizzle
(2005), Burke (2009), and George et al.
(2015) among others demonstrated that
concrete reefs performed equal or superior
to oyster shell for oyster restoration in
terms of oyster spat settlement,
recruitment, and growth. Beyond initial
oyster establishment on reefs, further
studies found that size, biomass, and density
of oysters was again equal or superior to
oyster shell. Dunn et al. (2014) found in a
field experiment after 12 months, concrete
reefs had greater density of oysters than
both limestone and granite reefs, attributing
that to the higher levels of interstitial space
(the size and number of gaps between
substrate pieces) in concrete. The benefits
of concrete include their persistence (like
granite), allowing reefs to survive poor spat
settlement years, and the ability to add
vertical complexity. Theuerkauf et al. (2015)
found that between an oyster shell and a
concrete reef of identical surface area, the
concrete reef provided better settlement
surface and enhanced survival for oysters
due to the vertical relief. Gregalis et al.
(2008) found no significant differences for
oyster abundance between concrete and
limestone for alternative substrate; the key
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element was the vertical relief of reefs. Reefs that sit higher vertically in the water column are thought
to perform better because more relief allows a greater percentage of substrate surface to remain above
the sediment. This high relief helps remove settled oysters from hypoxia threats and limits the danger of
siltation build up (Sonait et al. 2004, Theuerkauf et al. 2015).
In addition to oyster benefits, Brown et al. (2013) and
Graham et al. (2017) evaluated concrete alternative
substrate reefs in terms of other ecosystem services.
Brown and colleagues found no structural difference
between natural shell and rock reefs and that older
rock reefs supported more benthic macroinvertebrates
than did shell reefs. Graham et al. (2017) found that
concrete and oyster shell reefs supported the highest
densities of associated motile fauna and both returned
the higher benefit/cost ratio for motile fauna. This
example of involving economic analysis into evaluation
of oyster restoration beyond the oyster fishery has
been used in some studies (Louisiana Fish and Wildlife
New reef ball (L) and reef ball after 7 months in the
2004, Grizzle et al. 2006) and is promoted as a
water (R). Photo: CCA Maryland
necessary metric to include in future oyster
restoration analysis (Bushek et al. 2015, Graham et al. 2017).
Like other alternative substrates, there is some negative public perception concerning the use of
concrete for substrate use. Concerns focus on the potential leaching of chemicals from concrete when
placed in the water. However, Clark et al. (2013) conducted a study looking at water-quality effects from
concrete materials on oyster aquaculture within the Chesapeake Bay; their study found no adverse
effects on oyster spat growth or survival of the surrounding environment with the use of this concrete
material. Wide reporting of these results could help address negative stakeholder concerns with use of
concrete for alternative substrate within the Chesapeake Bay.

Stabilized Coal Ash
In the late 1990s and early 2000s, coal ash, a byproduct from the combustion of coal to produce
electricity, was tested as a possible alternative to oyster shell for oyster restoration (PR Newswire 1996,
Andrews et al. 1997, Coen and Luckenbach 2000). Before recycling methods were discovered, coal ash
was almost exclusively disposed in landfills, filling space and no longer useful (PR Newswire 1996). Coal
ash, or coal fly-ash, is produced by combining coal ash with small amounts of cement and water (Leard
et al. 1999). The resulting pellets can then be shaped in whatever form or size scientists or managers
prefer. In a large field study off Fisherman Island on the Eastern Shore of Virginia, Coen and Luckenbach
(2000) collected the greatest number of species per reef and displayed the highest diversity at the coal
ash reefs. However, despite the diversity benefit, fine material released from coal ash pellets reduced
the amount of interstitial space between larger pellets. Despite the fine material, oysters from the reef
were deemed safe for human consumption, elements of concern being well below U.S. Food and Drug
Administration (USDA) requirements (Hafner 2017).
Although coal ash pellets were determined to be environmentally suitable substrate for oyster
settlement and growth and no threat to human health, competing interests for use of coal ash
prevented its widespread use for oyster restoration (Homziak et al. 1993, Alden et al. 1996, EPA 2017,
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Hafner 2017). Virginia Power, now Dominion Energy, found other ways to dispose of the coal ash,
including to builders as construction material (Hafner 2017). Due to the loss of interest from energy
providers, stabilized coal ash has not been used for restoration since the early 2000s. Mark Luckenbach,
one of the lead researchers of the study, reflected that the halting of coal ash for reef restoration was
probably for the best; the cost of mixing cement with ash in a safe way was incredibly expensive (Hafner
2017). Also considering the long term, former head of conservation and replenishment at Virginia
Marine Resources Commission (VMRC) Jim Wesson, articulated that coal ash would not be a viable longterm solution due to the phasing out of coal plants (Hafner 2017).

Sandstone
The only report of sandstone being used as alternative substrate for oysters is a field experiment by
Sonait and Burton (2005) in Louisiana. Sandstone was thought to have potential as a viable alternative
substrate due to its ready availability, chemical composition (quarzitic), and similar rough texture to the
siliceous limestone also used in this experiment. Despite these predictions, Sonait and Burton (2005)
found oyster spat significantly preferred limestone over sandstone at both high and low salinity and high
and low larval abundance. The conclusion of the Sonait and Burton (2005) paper is that sandstone does
not appear to be biologically acceptable for oyster restoration processes. No other studies that were
analyzed used sandstone as a substrate for testing. It may be premature to draw conclusions on
sandstone based on a single study for total avoidance of use in large-scale oyster restoration.

Stone (Including Granite)
“Granite” is commonly used to refer to nonlimestone stones with a variety
of mineral composition that have low or no calcium. Sometimes the
substrate used is granite; other times, like in the Choptank River Complex
oyster restoration, materials such as amphibolite are used (2016 Oyster
Reef Monitoring Report). Therefore, the more appropriate term for this
group of alternative substrates is “stone.” The discussion below will use
“stone” if the type of stone was not specified in the scientific paper or
report and will use the specific type of stone (i.e., granite) when it was
named.

Oysters set on stone pieces. Photos captured
from video on Oyster Recovery Partnership’s
Instagram page. Photos: Jay Fleming

Stone has become a frequently used alternative substrate
material for oyster restoration because of its ready
availability in many regions from nearby quarries, relatively
reasonable price compared to oyster shell, and durability.
Stone is a non-calcium carbonate structure, thus lacking the
chemical composition that has been suggested to promote
oyster recruitment and settlement (O’Beirn et al. 2000,
Sonait and Burton 2005, Levine et al. 2016). Despite its
chemical composition, stone has shown to be a successful
alternative substrate type all along the East Coast of the
United States in terms of oyster settlement, recruitment,
growth, and ecosystem services (i.e., other fisheries, water
quality).
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Burke (2009) found in a Virginia tributary, granite reefs
showed the highest oyster recruitment and long-term
abundance compared to other alternative substrates
and were filled with high biomass and density of
healthy oysters. On the Eastern Shore of Virginia,
Tamburri et al. (2008) found no significant difference of
oyster settlement between oyster shell and granite.
Both studies emphasize the importance of the
persistence of granite reefs. Stone reefs, because of
their hardiness, are less vulnerable to a poor shell
budget year or large sediment loads and excessive
Oysters dredged up along with small granite stones
siltation because these reefs will not disappear (Burke
that they attached to and grew on. Photo: Virginia
2009, Tamburri et al. 2008). Stone reefs and other
Marine Resource Commission
sturdy alternative substrates allow managers and
oyster restoration groups to “buy time” between poor
oyster recruitment and growth years, a sentiment echoed
by other scientists (M. Luckenbach, per. comm.). Even in
poor oyster recruitment years, alternative oyster reefs can
still provide valuable habitat to other species or other
ecosystem services. Assessing benefits of alternative reefs
beyond value to the oyster fishery is a suggested
additional metric that could be applied to all restoration
projects (Baggett et al. 2015, Kennedy et al. 2011, La Peyre
et al. 2014).
In a North Carolina laboratory study, Dunn (2013) found
calcium carbonate substrates (like oyster shells and
limestone marl) supported the highest oyster settlement
Signed stone pieces to be added to Piankatank
compared to non-calcium carbonate substrates like
River. Photo: U.S. Army Corps of Engineers
granite and concrete. However, the next year in a field
experiment, Dunn et al. (2014) found that oyster growth
rate and valve length were similar across all substrates. Also, granite was found to be more effective as a
substrate in terms of oyster recruitment (Dunn et al. 2014). This study does highlight the importance of
interstitial space for oyster metric success (also discussed in Bartol and Mann 1999, Kuykendall et al.
2015). Interstitial space can vary based on type of substrate as well as size of substrate. For example,
granite pieces could be selected to maximize the interstitial space to help promote oyster larval
recruitment for oyster restoration goals.
Further north in New Hampshire, crushed granite has been used in oyster restoration (Grizzle et al.
2006). This study specifically compared crushed granite reefs to natural oyster reefs and found that
granite reefs had substantially and significantly higher spat sets and oyster densities than natural reefs.
The authors postulate that these results likely come from the addition of hard substrate provided by the
granite in an area that was perhaps habitat-limited. This highlights the importance of information on the
hydromorphological conditions in an area of oyster restoration to allow best reef placement considering
biotic and abiotic factors like locations of hard bottom (Walles et al. 2015).
In a recent evaluation of Harris Creek, one of the Maryland tributaries undergoing oyster reef
restoration under the Chesapeake Bay Program’s goal to restore oysters in 10 tributaries by 2025,
results showed that the highest average oyster densities were found on stone-based reefs (2016 Oyster
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Reef Monitoring Report). Oyster densities on stone reefs were found to be four times higher than on
shell reefs; however, this was based on a small sample size in one tributary. Further work as these reefs
mature will continue to test the viability of stone substrate. Oysters found on the stone reefs were also
all from natural spat, as hatchery-based spat was only placed on the shell reefs. This suggests that stone
can act as a suitable settlement substrate for juvenile oysters and could encourage the further use of
stone substrate for oyster reef restoration within the Chesapeake Bay.
For the oyster restoration that has occurred in the Maryland portion of the Chesapeake Bay,
amphibolite is the non-calcium stone used for reef rebuilding or reef supplementation purposes
(Reynolds Westby pers. comm., Reynolds Westby 2013, 2014, 2015, 2016, USACE 2012). As stated
before, “granite” has been used as a catchall term for any stone that is not limestone (Reynolds Westby
pers. comm.). Due to this generalization throughout many restoration projects, it is not possible to
evaluate any potential differences between non-limestone stone substrates that have been used.
Despite this, non-limestone stone alternative substrates as a group have been shown to be suitable for
large-scale oyster restoration projects in providing hard substrate and habitat for oysters and associated
species.

Limestone Marl
Like granite and concrete, limestone marl has become popular because of its diversity in size and shape,
its ready availability, its relative affordability compared to shell, and its ability to persist in the system
(Kuykendall et al. 2015). One benefit limestone substrates have over concrete or granite is their calcium
carbonate composition. The chemical composition of calcium carbonate (or just calcium) may enhance a
substrate’s attractiveness to settling larvae or induce them to settle (Hidu et al. 1975, Tamburri et al.
1992, Sonait and Burton 2005). The calcium carbonate composition of limestone in its various forms
(including the Florida shell used in the Chesapeake Bay, discussed below) has been used as a reason to
select limestone for alternative substrate reef projects.
Like the other alternative substrates, there are conflicting results from studies, but most are positive.
Chatry et al. (1986) found that two times as many larvae settled on limestone as did on clamshell reefs.
Sonait et al (1991) also found that oyster settlement on limestone was significantly greater than on
clamshell. Many studies since then have also found that limestone performs equal to other alternative
substrates—and, at times, oyster shell—in
terms of oyster settlement, recruitment,
growth, abundance, and density (Brumbaugh
2000, Gregalis et al. 20008, Powers et al.
2009, La Peyre et al. 2014, George et al. 2015,
Kuykendall et al. 2015, Quan et al. 2017).
Limestone has been found to perform no
different from concrete in terms of overall
number of oysters. The differences between
the performance of limestone and concrete
and other alternative substrates and oyster
shell in terms of these metrics were
statistically significant (Furlong 2012, Graham
et al. 2017). Kuykendall et al. (2015) found
Florida shell at the Port of Baltimore en route to Harris Creek.
that economically, limestone performed
Photo: Maryland Department of Natural Resources
similarly to shell when purchased by volume
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because of the variety of sizes of limestone pieces. The demonstrated performance of limestone
compared to other substrates and its similarity in performance to oyster shell economically suggests the
continued use of limestone for oyster restoration projects. Again, this economic aspect of evaluating
alternative substrates provides a new lens through which to compare different options.
For large-scale Maryland Chesapeake Bay projects, “Florida shell” has been used for reef building and
supplementing. The Florida shell is oyster shell cemented into a fossilized limestone, making it another
possible variation of limestone. This fossilized shell is a true fossil, mined from 30-40 feet under dry land
after being deposited in the late Pliocene epoch 3 million years ago, as opposed to the Chesapeake Bay
dredged shell discussed below (Little Choptank FAQ). After the end of the shell-dredging program in
2006, Maryland partnered with a quarry in Florida (hence the name “Florida shell”) and CSX (a railroad
company) to transport enough substrate from Florida to “cover 80 football fields a foot deep with oyster
shell” (Mother Nature Network 2014). Use of the Florida shell, however, was halted due to concerns
from watermen concerning the quality of the material (Wheeler 2015, 2017). Maryland Department of
Natural Resources (DNR) undertook extensive precautions to ensure that the Florida shell did not
negatively affect the Bay’s ecosystem. These precautions included quality tests by independent
contractors before shipping and Maryland DNR review of the fossil quarry, train loading, barge sites, and
restoration areas to ensure viability before and after the contract was signed (Little Choptank FAQ,
Reecy and Jordan 2013).
Reefs built with Florida shell will be part of the annual three-year check-in monitoring done in 2017, so
more information (report expected early summer 2018) on the performance of this substrate material
will be available (J. Baxter, pers. comm). If the Florida shell performs similarly to other experiments of
limestone discussed above, it could constitute a viable alternative substrate for use within the
Chesapeake Bay for oyster restoration.

Surfclam Shell
The suggested chemical importance of
calcium carbonate for oyster larvae
settlement (Hidu et al. 1975, Sonait and
Burton 2005) led to the use of surfclam shell
as an oyster restoration alternative
substrate. Surfclam was tested in the early
2000s in Virginia (O’Beirn et al. 2000, Coen
and Luckenbach 2000, Nestlerode et al.
2007) and was found to not be the most
suitable substrate for oyster restoration.
Coen and Luckenbach (2000) noted that
surfclam shells fractured easily during
handling, which limited critical interstitial
space. Interstitial space has been found to
be determinant in oyster larvae recruitment
(Bartol and Mann 1999). O’Beirn et al.
Oyster spat on clam shell in the Lamprey River, Great Bay,
(2000) and Nestlerode et al. (2007) both
Newmarket, NH. Photo: Krystin Ward, University of New Hampshire
found that oyster larvae settlement was
similar across substrates (coal ash pellets, surfclam shell, and oyster shell), but post-settlement mortality
was significantly higher on surfclam shells. The limited growth potential post recruitment and
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settlement hindered the establishment of surfclam
shell as an alternative substrate for oyster
restoration within the Chesapeake Bay (2016 Oyster
Restoration Report). However, none of the Virginia
studies examined other ecosystem benefits of reefs
beyond oyster recruitment, settlement, and growth.
In New Hampshire, the Great Bay Estuary is the
center of current oyster restoration efforts. Surfclam
shell is currently the primary alternative substrate
used for oyster restoration completed by the
University of New Hampshire (UNH) and The Nature
Conservancy (TNC), with 500 cubic yards placed over
5 acres in 2016 (Grizzle and Ward 2017). The 2016
UNH report found heavy sedimentation on surfclam
Spat set on surf clam shells Photo: Ray Grizzle, University
substrate, which was theorized to hinder settlement
of New Hampshire
of live oysters (Grizzle and Ward 2016). In the 2017
report, results found relatively lower initial
recruitment compared to historical spat densities in New Hampshire, but was comparable to other
recently constructed reefs (Grizzle and Ward 2017). In addition to the spat results, the 2017 report
emphasized the importance of site selection of the restored reefs. The recruitment of oysters to the
unseeded surfclam shell reefs suggests that the chosen site has potential for continued natural spat sets
(Grizzle and Ward 2017). In addition, these reefs persisted through the heavy sedimentation reported in
the 2016 report, which suggests long-term potential of these alternative substrate reefs. The
persistence and sedimentation highlight the dual benefits of choosing hardy alternative substrates and
the optimal placement of these reefs (Grizzle and Ward 2016).
In the Chesapeake Bay, the surfclam shell used has already been reduced to the size of a quarter (J.
Lazar, pers. comm.). Due to this small size, the surface complexity of the large three-dimensional reefs
constructed in Maryland do not yield higher surface complexity than seed-only sites.

Dredged Shell
For decades, dredged shell has been a main alternative substrate used for replenishing harvest reefs
within the Chesapeake Bay. Shell dredged up from the Chesapeake Bay are not “conventional” fossils. A
more accurate definition would be to call these shells “not-fresh” or simply “dredged” shells. (The term
“fresh” shell is used by Maryland DNR to describe shell from living oysters that are shucked and planted
back on bars.) Dredged shells from the Chesapeake Bay are Eastern oyster shells that are buried or sit on
natural oyster bars within the Bay. The age of these shells from Maryland and Virginia can be up to
4,000 years old or as young as 10 to 15 years old, depending on the location from which they were
dredged. While not a conventional alternative substrate like porcelain, granite, or limestone, dredged
shell has been used to supplement availability of fresh shell (Wheeler 2017). Use of dredged shell
predates large-scale oyster restoration efforts in the Bay and is a finite resource that can be considered
an alternative to fresh shells for replenishing harvest areas.
In Virginia, VMRC has $2 million earmarked from the Virginia General Assembly for obtaining shell with
which to replenish public oyster bars; a majority of this shell has been dredged. Maryland’s dredge shell
program ended in 2006. However, during its 46-year tenure, more than 200 million bushels of shells
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were dredged and placed on public bars (C. Judy, OAC
Meeting). Current attempts to renew shell dredging in
Maryland are focused in the Man-O-War Shoal, one of
the Bay’s largest remaining buried shell deposits, with
an estimated 90 to 100 million bushels (Wheeler
2017). These dredged shell deposits will be depleted
over time and therefore do not represent a long-term,
sustainable solution. This, combined with the
imbalanced proportion of shell being placed in and
coming out of the Bay, makes the use of dredged shell
in the future challenging.
Dredged shell being placed on Great Wicomico River.
Despite the interest in states of the Chesapeake Bay
Photo: U.S. Army Corps of Engineers
to use dredged shell, Levine et al. (2016) found that
dredged shell may not persist as long as stone or
concrete, making it more vulnerable to poor recruitment years or heavy sedimentation. Dredged cultch
also was found to have less interstitial space, which led Levine et al. (2016) to recommend using
dredged cultch to enhance degrading reefs but not to build new reefs for oyster restoration. VMRC and
Maryland DNR have long records of data concerning dredged shell within the Bay through annual
surveys and shell plantings. VMRC’s reports indicate that dredged shell performs at least as well as fresh
shell and may even have comparatively increased longevity. Despite this knowledge, studies of dredged
shell have been rare in the literature.

Engineered Options
While some engineered options have already been used for restoration (i.e. Reef Balls™ and Reef
Castles™), La Peyre et al. (2014) highlight the limited amount of information available on engineered
approaches. Often these methods are selected without quantitative data to assess whether their
typically higher cost results in added benefits in terms of oysters or other ecosystem benefits. The high
cost of future engineered options may be mitigated with the advent of construction-grade threedimensional printers that can fabricate intricate geometrics, allowing the optimization of material usage
and eliminating expensive tooling (Mohammed 2016). The scale of oyster restoration in Chesapeake
Bay, however, is larger than has been attempted with engineered options in the past. Results from
projects such as the engineered alternative substrate
from GROW LLC being used for a 2018 Nature
Conservancy project in Maine (see below) could help
provide information on viability and costs of engineered
options at a larger scale. The benefits of these engineered
options could also be considered in relation to their
wider-scale ecosystem benefits. Brumbaugh and Coen
(2009) introduced the idea of engineered oyster reef
restoration options for the dual purposes of oyster
restoration and shoreline stabilization. The consideration
of additional benefits may make these projects more
feasible or cost effective going forward. Studies
Students helping build the Billion Oyster Pavilion
comparing the price, effectiveness, and success of
structure. Photo: Billion Oyster Project
engineered options versus lower-tech alternative
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substrate options with all potential costs and benefits under
consideration will be necessary if this path for engineered
alternative substrates is pursued. To date, custom-designed threedimensional printed reefs for restoration have been primarily used
for coral reefs (Spieler et al. 2001, Ammar 2009, Reef Life
Restoration 2017, Sustainable Oceans International 2017), but
recently have been pursued for oyster reef restoration. In 2015,
Woodbury Shellfish Company in New England partnered with
Tethon 3D, a ceramic three-dimensional printing services bureau to
develop artificial reefs to help oyster populations (Grunewald
2015). The Billion Oyster Project, a nonprofit aiming to restore
oysters in New York’s Hudson River estuary, partnered with
Stratasys’s innovation workshop, Bold Machines, to create their
Billion Oyster Pavilion. The Billion Oyster Pavilion was partially
made up of three-dimensional printed reef balls and other material
that would all eventually be transferred for continued oyster
restoration use in the Hudson (Krassenstein 2015, Black 2015,
3D-printed ceramic oyster reefs built
Goodman 2015). A spokesperson for the Billion Oyster Pavilion said
for Woodbury Shellfish Company.
the organization settled on three-dimensional printed reefs
because of their low cost, quick production
speed, and precise geometry (Krassenstein
2015). Most recently, Grow Oyster Reefs, LLC
(GROW), a Virginia-based company, has
developed Concrete Oyster Reef Restoration
Tile (CORRT) and Concrete Oyster Reef
Restoration Discs (CORRD), molded,
reproducible alternative substrate designs
modeled after native reef shape, surface, and
chemical formula. They are made with CaCO3
concrete, a concrete mix formulated to match
oyster shell biochemical makeup (Grow Oyster
CORRT prototype (left) and CORRT (right) after one season in
Reefs, LLC 2017). These engineered tiles and
the Chesapeake Bay. Photos: Grow Oyster Reefs, LLC
discs will be used by the Nature Conservancy’s
initial artificial substrate oyster reef in Maine in 2018 for their first alternative substrates allowed in the
state (E. Tickle pers. comm). The increasing opportunities and reduced cost of engineered alternative
substrate options makes these avenues more feasible for future large-scale oyster reef restoration.
Scientists, however, will need to collect data on the performance of these engineered options and
compare their performance to other alternative substrates.

Other Factors Influencing Oyster Restoration Planning and
Implementation
Many of the studies discussed other characteristics of oyster restoration projects in addition to the type
of substrate used that can influence the success of these projects. Some of the commonly mentioned
additional factors included the need for oyster metrics, reef structure and complexity, timing and
placement of reefs, issues with shell budget and loss, reef height, the opportunity for engineered
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options, and the need to analyze reef scale and interconnectedness. The selection of a biologically and
ecologically acceptable substrate for oyster restoration projects is just one important element that
influences oyster restoration success. Consideration of these other factors can contribute to or detract
from the ability of all substrates, and therefore oyster restoration projects, to meet project goals.

Oyster Restoration Metrics
The comparisons of many of the studies on alternative substrate above are limited due to lack of
consistent metrics and measurements across experiment sites, projects of various construction types,
and systems. Many scientists and natural resource managers advocate for the creation of a set of
standardized monitoring metrics, units, and performance criteria (Brumbaugh and Coen 2009, Bushek et
al. 2015, Kennedy et al. 2011, La Peyre et al. 2014). A set of common metrics would help address some
of the basic missing descriptive information concerning restoration projects (i.e. location of reefs,
original configuration, source of funding, etc.). Baggett et al. (2014) followed this widely cited
suggestion, and a common set of recommended metrics was produced in 2014. This report does not
include success criteria, like what is being done in the Chesapeake Bay (discussed below), but provides a
common set of monitoring metrics that could be used across oyster restoration projects. Common
suggestions for metrics include examination of structural elements (e.g., reef dimensions, height, oyster
density, oyster size-frequency distribution), environmental variables (e.g., water temperature, salinity,
dissolved oxygen), and both long- and short-term analyses to consider effects such as recruitment

Table from the “Restoration Goals, Quantitative Metrics and Assessment Protocols for Evaluating Success on
Restored Oyster Reef Sanctuaries” report from the Oyster Metrics Workshop (2011).
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timing (Bushek et al. 2015, Graham et al. 2017). Brumbaugh and Coen (2009) discussed how historically,
oyster restoration projects have not tracked these metrics. Lack of detailed data on how restoration is
completed makes comparing methodology of projects difficult, which limits the ability to determine best
practices for oyster restoration. Brumbaugh and Coen highlight how critical it is for all shellfish
restoration operations to have explicit goals and appropriate assessment metrics for comparability and
accountability purposes.
Large-scale oyster restoration under way in the Chesapeake Bay follows a set of prescribed restoration
goals, quantitative metrics, and assessment protocols to evaluate success on restored oyster reefs
(Sustainable Fisheries Goal Implementation Team 2011, see chart above). Chesapeake Bay restoration
goals have both tributary and reef-level targets. For reef-level success, for example, parameters under
evaluation include structure of the restored reef (reef spatial extent, reef height, and shell budget),
population density, and a total reef population estimate. As of summer 2017, two rounds of three-year
post-restoration monitoring, with six-year monitoring to follow, have been completed. A summary of
success metrics, assessment protocols, and minimum assessment frequency are displayed in an example
of one of the matrices from the report (see image). This clear set of metrics and long-term evaluation
make the oyster restoration occurring in the Chesapeake Bay easily consulted and comparable for other
oyster reef restoration projects worldwide.

Habitat Structure and Complexity
In addition to selection of alternative substrate, the placement of substrate on the bottom and reef design
are also key for restoration projects. Dillon et al. (2015) and Gregalis et al. (2008) suggest that the benefits
and services provided by reefs vary spatially and temporally and depend on site location. Powers et al.
(2009) state that biological, chemical, and physical factors, like reef height, sanctuary status, wave action,
sedimentation, and water depths, are key factors necessary to consider when selecting restoration sites.
Some studies found that the addition of hard substrate alone, regardless of the structural complexity or
reef height, was the most important factor in oyster or associated nekton abundance, richness, biomass,
and diversity (Manley et al. 2010, Humphries et al. 2011).
One of the most recognized structural benefits of oyster reefs is interstitial space, which can “furnish
ideal spatial platforms for growth” (Bartol and Mann 1999, p. 157). Some studies advocate the use of
oyster shell for restoration because of the unique three-dimensional structure of shell that can provide
refuge that other substrate does not (Graham et al. 2017). However, other studies found alternative
substrates can perform as well as oyster shell reefs (Dunn et al. 2014, Clark et al. 2013, Kuykenfall et al.
2015). Interstitial space can be added by building reefs up and out. Sonait et al. (2004) found that shell
orientation affects the availability of habitat, and fish tended to prefer vertical reefs to horizontal reefs.
Studies have found that the vertical height of reefs provides some of the most crucial benefits for oyster
restoration efforts. Sonait and colleagues proposed that vertical reefs allow organisms to get away from
the bottom and offer increased surface area, which can benefit settling oysters and associated reeforiented species. Gregalis et al. (2008) found oyster recruitment and abundance were higher on highrelief reefs, regardless of reef substrate type. This was possibly attributed to greater resiliency to fishing
disturbance or decreased frequency of low dissolved oxygen events. These structural design elements
may help mitigate negative location factors like high oyster mortality or low larval supply to allow
restored oyster reefs to succeed in these areas (Gregalis et al. 2008). Manley et al. (2010) encourages
alternative substrate oyster reefs for restoration to be built with these elements of vertical relief, height,
and amount of interstitial space in mind.
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Timing and Placement of Reefs
In addition to the structure of restored reefs, consideration of the timing and placement oyster reef
restoration is important. Manley et al. (2010) argue the “success of oyster restoration efforts [are]
contingent on the timing and placement of structurally diverse constructed oyster habitat.” Placement
of reef for oyster restoration within an estuary system should depend on the goals of the restoration,
the surrounding biophysical and chemical conditions, and feasibility of placement (O’Beirn et al. 2000,
Mann and Evans 2004, Rodney and Paynter 2006, Powers et al. 2009, Puckett and Eggleston 2012,
Walles et al. 2015, Quan et al. 2017). For example, if a primary goal of oyster reef restoration is
specifically to enhance its role as a nursery habitat, placement of reefs in shallow waters would help
avoid large predators (Rodney and Paynter 2006).
The effects of adding hard substrate vary depending on where it is placed. Gregalis et al. (2008)
constructed reefs of different structural designs at sites with different surrounding habitat like seagrass,
coral reefs, or bare sediment. Authors found that associated nekton response was related to site
differences rather than a response to individual reef differences. The addition of hard substrate to
previously bare regions (e.g. bare sediment) provides complexity that did not previously exist in this
area, whereas oyster reefs near seagrass beds simply provide additional potential habitat (Gregalis et al.
2008).
Walles et al. (2015) highlight how reef placement and future “persistence and sustainability of artificial
constructed oyster reefs” depend on conditions such as intertidal (exposed at low tide) versus subtidal
(always submerged) sediment dynamics and surrounding habitat. Geraldi et al. (2013) found oyster
density was highest at middle salinity levels and suggested these conditions may be best for oyster
restoration with the primary goal of maximizing oyster densities. Restoration work in the Chesapeake
Bay, however, has shown high oyster densities on reefs constructed in the lower-salinity waters (2016
Oyster Reef Restoration Report). Placement of reefs or any restoration resource, however, needs to take
into consideration multiple factors, including the limited nature of resources and the return on
investment. For example, Geraldi et al. (2013) found additional seeding of spat did not enhance oyster
reef restoration efforts in Pamlico Sound, North Carolina, because of the high natural recruitment that
already exists in that system. They concluded the time and money spent on seeding would have been
better used to increase the amount of available substrate. Knowing the advantages and limitations of
the system targeted for restoration is key for helping to determine what restoration activities would
have the largest effects on restoration goals. Going beyond larger-scale consideration of reef placement,
Bartol et al. (1999) found mid-intertidal oyster reefs within the reef interstices performed best in terms
of survival and growth compared to mid-intertidal oysters at the reef surface. This highlights the
importance of location within the reef habitat for Eastern oysters in addition to overall placement of
reefs in the estuary or coastal system.
Restoration of oyster reefs can address goals beyond those directly related to oysters. Brumbaugh and
Coen (2009) recommend considering more highly engineered reefs in areas of high wave energy. In
addition to adding oyster habitat, these reefs could potentially help with shoreline stabilization. More
durable and heavy alternative substrates, like concrete, could be used in more exposed locations; these
reefs will not disappear if recruitment does not occur immediately (La Peyre et al. 2014). Using these
durable substrates in high-energy locations could free up highly limited oyster shell for use in protected,
shallow-water areas close to shore or areas of high natural spat sets (La Peyre et al. 2014).
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Shell Budgets and Ocean Acidification
The availability of oyster shell for oyster restoration projects faces challenges due to low supply, oyster
harvest, increasing costs, and the low number of oysters in the Chesapeake Bay (Rothschild et al. 1994,
Stokes et al. 2011, ORP 2017). Because oysters are broadcast spawners, releasing their eggs and sperm
into the water column to reproduce, fewer oysters in the population lowers reproduction success
(Bartol et al. 1999, Sonait et al. 2014). This low recruitment/reproduction causes the shell budget to
decrease because no new shell is being created. Further, oyster shell, even when added into the Bay, is
not a stable resource. Shell is vulnerable to natural dissolution and chipping, in addition to the
previously discussed extraction (Gutierrez et al. 2003, Powell et al. 2006). In basic terms, the shell
budget is the proportion of shells being added to and taken out of the Bay (Sonait et al. 2014). Using a
shell budget as a tool to examine the gain, loss, and maintenance of shells could add to the use of
alternative substrates to take some pressure off natural shell through determining locations for
optimum cultch enhancement and areas where alternative substrates may work better (Sonait et al.
2014, Mann et al. forthcoming). A shell budget for the Chesapeake Bay, which transitions from
management of the animal to a management of the habitat, would provide information that would
allow managers and restoration projects to choose where to plant shell, helping lock in gains from
habitat restoration (Sonait et al. 2014). In addition to other biophysical, chemical, and economic factors,
use of a shell budget would provide more information for use in oyster restoration projects.
An upcoming issue facing oyster restoration projects is ocean acidification. Oysters, especially larvae,
demonstrate diminishing growth rates from decreased pH, which depresses their survival (Kutihara et al.
2007, Miller et al. 2009, Watson et al. 2009, Lipcius et al. 2015). Estuarine waters are more susceptible
to acidification because they are subject to multiple sources of acidity; have already been degraded by
other impacts (i.e. overfishing, eutrophication); and are shallower, less saline, and do not have the
benefit of marine water buffers (Lotze et al. 2006, Miller et al. 2009, Waldbusser et al. 2011a, Wallace et
al. 2014). This phenomenon has been studied specifically for the Chesapeake Bay. Waldbusser et al.
2011b analyzed 23 years of Chesapeake Bay water-quality monitoring data and found daytime average
pH significantly decreased across polyhaline waters. In connecting this directly to oysters, Waldbusser et
al. 2011a found that under current pH levels found in mesohaline regions of the Chesapeake Bay, fresh,
weathered, and degraded oyster shells experienced shell loss, which increased as pH was lowered.
Future projected increases in partial pressures of CO2 (pCO2) in the Chesapeake Bay, combined with
existing natural forcing, can significantly influence the success of larvae, which could influence the
success and distribution of oysters throughout the Chesapeake Bay (Miller et al. 2009). Work done in
California demonstrated that beyond reduction in shell thickness, ocean acidification has been shown to
increase the vulnerability of native oysters to predation by invasive snails (Sanford et al. 2014). The
threats presented by ocean acidification may suggest the use of a non-calcium carbonate alternative
structure for oyster reef restoration to enhance the persistence and sustainability of these projects.

Reef Interconnectedness
A common suggestion for oyster reef restoration projects is to establish no-take sanctuaries around
reefs to maintain benefits of restoration (Powers et al. 2009, Kennedy et al. 2011, Schulte and Burke
2014). Location of these sanctuaries, and by default selection of restoration sites, could be chosen to
enhance the oyster and associated species ecosystem services provided by restored reefs through a type
of reserve network (Puckett and Eggleston 2012). These set-aside areas could be created and designated
based on their areas of strength; some reserves can be classified as strong “recruiters,” others as fast
“growers,” and others as high “survivors” to enhance spatial connectivity of reefs and possibly to
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enhance oyster settlement and recruitment (Brumbaugh and Coen 2009, Puckett and Eggleston 2012,
Schulte and Burke 2014). To accomplish this strategic planning of oyster restoration, more spatially
explicit demographic data, hydrodynamic data, and information on larval connectivity in addition to
biophysical and chemical information is needed (L. Kellogg, pers. comm., Puckett and Eggleston 2012).
Having this information on a more regional or local scale is important within the Chesapeake Bay due to
notable differences in, for example, hydrodynamic processes or larval recruitment across the Bay (Coen
and Luckenbach 2000, Kennedy et al. 2011). Larval recruitment is a key piece of information for
establishing knowledge about reef connectedness because it influences the need for spat addition
(Gregalis et al. 2008, Brown et al. 2013, Graham et al. 2017). Geraldi et al. (2013) found that in
nonrecruitment limited systems, addition of oyster seed did not enhance oyster reef restoration goals of
increasing oyster density. Today, targeted tributaries in Virginia fit this description. In these cases,
financial resources spent on seed may be better spent on adding additional substrate, making money
spent on restoration more efficient.
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