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ALTERNATIVE SUBSTRATES USED FOR OYSTER REEF RESTORATION: A REVIEW

TAYLOR GOELZ,1* BRUCE VOGT2 AND TROY HARTLEY3

1Virginia Institute ofMarine Science, 1375 Greate Rd., Gloucester Point, VA 23062; 2NOAAChesapeake
Bay Office, 410 Severn Ave., Annapolis, MD 21403; 3Virginia Sea Grant and Virginia Institute of Marine
Science, 1375 Greate Rd., Gloucester Point, VA 23062

ABSTRACT Oyster populations and reef habitats have notably declined in the last century around the world. The ecological,

economic, and cultural values of oysters have led to a variety of restoration efforts seeking to recover these lost benefits.

Limitations of the native oyster shell substrate and the large-scale nature of many restoration projects have resulted in the

increased use of a variety of alternative, or artificial, substrates to create reef structures. A text mining package was used to

conduct a review of alternative substrates used for oyster restoration. Specifically, the review (1) assessed commonly used

alternative substrates, (2) locations where alternative substrates are used, and (3) common performance metrics used to evaluate

alternative substrates. The review demonstrated that (1) the most common substrates included porcelain, concrete, limestone,

noncalcium stone, nonoyster shell, dredged shell, and engineered reefs; (2) oyster restoration with alternative substrates occurs

worldwide, but evaluations of alternative substrates were primarily (79%) within the United States of America; and (3) four main

categories of performance metrics are used to assess alternative substrates—biological, structural, chemical, and economic

acceptability.Within the four performance metrics, however, there exists a substantial variety in terms of specificmetrics used and

application of metrics to assess alternative substrates. Results highlight the need for common metrics across projects to ease

comparison between alternative substrate options.

KEY WORDS: alternative substrate, review, oyster, performance metrics, restoration, reefs

INTRODUCTION

Oyster populations and reef habitats have significantly de-

creased across the globe (Beck et al. 2011), prompting oyster
restoration projects at many scales in the United States (La
Peyre et al. 2014) and around the world (Carranza et al. 2011,
Gillies et al. 2015, Quan et al. 2017, Fariñas-Franco et al. 2018).

Restoration efforts are undertaken to work toward certain
ecological, economic, and cultural goals that are associated with
oyster reef habitats. The principal motivation behind early

oyster restoration efforts was the enhancement of the com-
mercial fishery, historically depressed from overharvesting and
environmental degradation (Coen & Luckenbach 2000). Whereas

this remains a goal in many oyster restoration efforts today, an
increasing emphasis has been placed on enhancing the ecosys-
tem services provided by oyster reefs, including shoreline pro-

tection and wave mitigation, nursery and foraging habitat for
reef-associated species, and enhanced water filtration (Piazza
et al. 2005, Grabowski & Peterson 2007, Borsje et al. 2011, La
Peyre et al. 2014, George et al. 2015, Walles et al. 2016,

Fitzsimmons et al. 2019).
The scales, methods, and projected outcomes of oyster res-

toration vary around the world. These different approaches and

goals make comparison across restoration projects difficult and
have spurred recent calls for universal metrics for guiding
and assessing restoration efforts (Baggett et al. 2014, 2015,

Fitzsimmons et al. 2019). The lack of such metrics to track,
measure, and define ‘‘success’’ within restoration projects could
hamper the achievements of these projects (Mann & Powell
2007). Despite projects lacking similarity, a common thread

through most projects is the use of alternative substrates. An
alternative, or artificial, substrate is an umbrella term that en-
compasses any substrate used for oyster reef restoration other

than the native oyster shell of the area (Brumbaugh & Coen

2009). Restoration projects have historically used recycled,

fossilized, or dredged native oyster shell, as shell was recognized
as the optimal hard substrate for oyster settlement and growth
(Mann & Powell 2007, Waldbusser et al. 2011, Levine et al.

2017). The increased demand for oyster shells in many systems
and the decreasing overall amount of shell have limited the
availability and affordability of natural oyster shells for resto-

ration projects. In addition, the large-scale nature of oyster
habitat reduction as noted in Beck et al. (2011) requires that
subsequent restoration efforts be equally large in scale. The

limited amount of available shells in most systems cannot fulfill
the substantial demands of large-scale restoration projects, such
as those in the Chesapeake Bay and Australia (U.S. Army
Corps of Engineers - Baltimore District (USACE) 2009, Allen

et al. 2011, Gillies et al. 2015).
Because of these limitations, many restoration projects have

turned to various alternative materials to create hard reef

structures where oyster larvae can naturally settle or be planted.
There is a diversity of alternative substrates available for oyster
restoration efforts. Determining the appropriate alternative

substrate depends on the characteristics of each substrate and
how well matched it is for the scale, methods, and goals of each
individual restoration project. This review synthesizes results

from published studies on some of the most commonly used
alternative substrates for oyster reef restoration. By increasing
understanding of the strengths and weaknesses of different al-
ternative substrates, future restoration efforts will be able to

more effectively and efficiently plan and execute oyster resto-
ration projects.

ALTERNATIVE SUBSTRATE OPTIONS

Restoration efforts and scientific research projects have

tested and used a variety of alternative substrate options for
oyster restoration. To effectively decide between alternative
substrates, onemust consider a variety of factors concerning the
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substrates themselves and the objectives of the restoration
(Fitzsimmons et al. 2019). Quan et al. (2017) performed a lit-

erature review assessing alternative substrates solely in relation
to oyster settlement, survival, and growth. This review looks to
build on these results and assesses alternative substrates for
additional factors. Graham et al. (2017) and others have dis-

cussed how the suitability of alternative substrates depends on
the goals of specific oyster restoration projects. This review
considers some of the most commonly used factors to assess

restoration projects and goals of restoration projects.

METHODS

A comprehensive keyword search in multiple search engines
and databases (e.g., Google Scholar, Web of Science, Science-

Direct, and JSTOR) was used to understand the type and use of
alternative substrates in oyster reef restoration. The following
keyword search was used; the article had to include all the
words: ‘‘oyster reef,’’ ‘‘substrate,’’ ‘‘substrate type,’’ ‘‘restora-

tion,’’ and ‘‘study’’; had to include the phrase ‘‘oyster reef’’; and
include either ‘‘alternative’’ or ‘‘artificial.’’ Results included
both peer-reviewed publications and ‘‘grey literature’’ with

publication dates ranging from 1864 to 2019. Article titles and
abstracts were read to refine the results and ensure the only the
inclusion of relevant articles. Articles for this review were con-

sidered relevant if they discussed or tested an alternative sub-
strate that had been used in real-world restoration projects, not
solely scientifically assessed as a bench study. The manual re-
finement of articles and abstracts resulted in 96 articles, with

publication dates ranging from 1999 to 2019. A spreadsheet of
the reviewed literature is included in the Appendix 1.

The text mining (tm) package in R was used to perform

content analysis on the article abstracts to identify (1) common
alternative substrate(s) examined/used for restoration, (2) the
geographic location of the oyster restoration with alternative

substrates, (3) and the lens through which the article examined/
assessed the substrates (i.e., oyster abundance, associated fauna,
and economic cost) (Feinerer & Hornik 2019, R Core 2018). The

initial review of the abstracts was performed to assemble a
standard set of keywords that were used to further search and
summarize the different substrates examined. To focus on the
alternative substrate content, the tm package offers a number of

data-cleaning options, including removing common English
‘‘stop words’’ (i.e., the, is, what, and we) from the analysis. The
initial review of the articles also resulted in the removal of other

unrelated words from the analysis (i.e., boat and thesis). Com-
monality of alternative substrates was determined by summing
the number of articles thatmention each substrate. The regions of

each article were also used to track trends in the use of certain
alternative substrates for oyster restoration. Last, performance
metrics mentioned in the articles were tracked to understand how

alternative substrates were being assessed.
The tm package was run on both the entire articles and the

article abstracts. Both the analysis of the entire article and the
abstracts resulted in similar frequent words and important

concepts. Thus, for ease of analysis, abstracts alone were used to
draw results on the areas of interest for the review (Nunez-mir
et al. 2015, Capano et al. 2019). Because of the specificity and

level of technicality of some articles, a review of the entire article
was used to supplement findings for common performance
metrics used to assess alternative substrates.

RESULTS

Oyster Species and Geographic Location

Seven species of oysters were discussed in relation to alter-
native substrates. The species mentioned most often were
Crassostrea virginica (Gmelin, 1791) (n ¼ 50), followed by

Ostrea edulis (Linnaeus, 1758) (n ¼ 11), Crassostrea ariakensis
(Fuijita, 1913) (n¼ 11),Ostrea lurida (Carpenter, 1864) (n¼ 3),
Crassostrea gigas (Thunberg, 1793), Crassostrea rivularis

(Gould, 1861) (n ¼ 2 for both), and last Crassostrea sikamea
(Amemiya, 1928) (n ¼ 1). The division in the species examined
follows the geographicmakeup of the assembled articles, that is,

where the studies took place.
A majority of studies (79%) was conducted in the United

States (n ¼ 76), followed by Europe and Asia (specifically

China) (n ¼ 6 for both), worldwide reviews (n ¼ 4), and South
America and Australia (n ¼ 2 for both). Within the United
States, the majority of work on alternative substrates has been
within theGulf ofMexico (n¼ 37) andChesapeake Bay (n¼ 19)

regions, with the rest being spread over the mid-Atlantic, and
northeast and West Coast of the United States.

Types of Alternative Substrates

In examining the 96 documents, it was evident that many
different words were used interchangeably to reference the same

type of alternative substrate (e.g., granite and stone).
Therefore, a single term was selected to designate each alter-
native substrate but accounted for all known synonyms used
within the abstracts. Table 1 lists the known synonyms used

during content analysis.
The most frequently mentioned alternative substrates were

(in order): concrete (n ¼ 416), limestone (n ¼ 52), noncalcium

stone (n ¼ 25), nonoyster shell (n ¼ 17), dredged shell (n ¼ 15),
engineered reefs (n ¼ 13), and porcelain (n ¼ 6). This order
varied slightly when examining the number of abstracts (and

thus articles) that mentioned each alternative substrate. In ad-
dition to concrete being the most frequently mentioned alter-
native substrate overall, it was also mentioned in most abstracts

(n¼ 29), followed by limestone (n¼ 19), noncalcium stone (n¼
13), engineered reefs (n ¼ 7), nonoyster shell (n ¼ 6), dredged
shell (n ¼ 5), and last porcelain (n ¼ 4).

Geographically, concrete was mentioned with similar fre-

quency in all regions examined (United States, Australia,
Europe, China, South America, and worldwide reviews).
Limestone was predominantly mentioned in the United States,

TABLE 1.

List of substrate synonyms used during content analysis.

Alternative substrate Synonyms

Porcelain None

Limestone None

Noncalcium stone Granite, rocks, stone

Concrete Block, blocks, cement, cinder,

riprap, concrete

Nonoyster shell Nonoyster, surf, mussel, clamshell, conch

Dredged shell Dredge, fossilized

Engineered reefs Castles, reef balls, engineered
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and less frequently in Europe, China, Australia, and worldwide
reviews. The nonoyster shell substrate was mentioned exclu-

sively in the United States for use and testing in oyster resto-
ration. The dredged shell wasmentioned primarily in theUnited
States and South America as an alternative substrate, and once
in reference to an article in China. Engineered reefs were only

mentioned in relation to oyster restoration in the United States,
South America, and China. Last, Porcelain was only mentioned
in oyster restoration in the United States and South America.

Performance Metrics: How Alternative Substrates Are Assessed?

Four overarching categories were identified that summa-
rized performance metrics used to assess different alternative

substrates used for oyster restoration. These categories were
biological (e.g., substrate supports oyster recruitment, growth,
survival, and associated species), structural (Is the substrate

sustainable? Will it persist in the system? Are there any imme-
diate benefits for habitat formation, wave energy reduction,
etc.?), chemical (Is the substrate chemically suitable for oyster
larvae settlement? Are there leaching/pollution threats?), and

economic (What is the cost of the substrate? Is it commonly
available, easy to transport?). Although there are overlaps be-
tween these categories (e.g., the chemical composition of lime-

stone contributes to its biological success), these categories
adequately capture elements of interest when considering sub-
strates for oyster restoration. Examples are presented of each of

the alternative substrates in relation to the four overarching
categories. Table 2 summarizes the assessed performance of the
alternative substrates within each of these performance metrics.

BIOLOGICAL

Testing of alternative substrates was originally focused pri-
marily on assessing the biological acceptability of the substrate
related specifically to oysters (Sonait et al. 1991). Thus, ques-

tions of biological suitability were restricted to the consider-
ations of oyster spat recruitment, settlement, growth, biomass,
density, and survival (Haywood et al. 1999). More recently,

some studies have expanded the scope of biological suitability
of alternative substrates to include consideration of reef-
associated species and overall ecosystem diversity (Brown

et al. 2014, Graham et al. 2017).

Concrete

Haywood et al. (1999), Quan et al. (2009), Burke (2010),

George et al. (2015), and Quan et al. (2017), among others, have
demonstrated that concrete reefs perform equal or superior to
oyster shells for oyster restoration when considering spat settle-
ment, recruitment, and growth. Beyond initial oyster establish-

ment on reefs, further studies indicate that size, biomass, and
density of oysters were again equal or superior to oyster shells
(Brown et al. 2014). The biological acceptability of concrete reefs,

above and beyond other alternative substrates, has been attrib-
uted to high levels of interstitial space in concrete substrates (the
size and number of gaps between substrate pieces) and the ability

to create reefs with higher vertical relief (Dunn 2013).
Related to wider ecosystem benefits, Brown et al. (2014)

determined that older concrete reefs (defined as >6 y) supported
significantly more benthic invertebrates than did similarly aged
shell reefs (P < 0.05), suggesting a long-term biological suit-
ability of concrete. Graham et al. (2017) demonstrated that
concrete and oyster shell reefs both supported high densities of

associated motile fauna.

Porcelain

Recent work on the biological acceptability of porcelain has
shownmixed results. In theGulf ofMexico, George et al. (2015)
revealed that oyster spat that settled on porcelain were signifi-
cantly smaller (P < 0.05) than other tested substrate types except
limestone. Oyster recruitment, growth, and associated nekton
habitat use of porcelain reefs, however, were not different from
other alternative substrates and were analogous to those on

natural oyster reefs.

Limestone

The calcium-based chemical composition of limestone is

suggested to play a role in its biological acceptability (Gregalis
et al. 2008, Powers et al. 2009, Furlong 2012, Brown et al. 2014,
La Peyre et al. 2014, George et al. 2015, Kuykendall et al. 2015,

Graham et al. 2017, Quan et al. 2017). Studies have demon-
strated that limestone substrates perform equal to or better than
other alternative substrates—and at times, oyster shells—in
terms of oyster settlement, recruitment, growth, abundance,

and density (Louisiana Department of Fish and Wildlife
[LDFW] 2004). The size of limestone pieces may play a role in
the biological suitability of the substrate, in particular com-

pared with other calcium-base substrates such as clamshell.
Early studies on the biological acceptability of limestone dem-
onstrated that oyster settlement was significantly greater (P <
0.05) on limestone than on clamshell reefs, another calcium-
based substrate (Sonait et al. 1991). The structural integrity of
limestone (i.e., it is less prone to fracturing) could explain this

enhanced biological performance, even when chemical com-
position is similar.

Quan et al. (2017), however, called into question long-term
biological benefits of limestone. After three years, initial high

oyster settlement and recruitment on limestone plateaued;
limestone no longer performed significantly better (P > 0.05)
than the other substrates tested (oyster shell and clam shell).

This suggests the need for long-term studies of this, and all,
alternative substrates to understand any longitudinal changes in
biological acceptability.

TABLE 2.

Summary assessment of alternative substrates based on four

performance metrics: biological, structural, chemical, and
economic acceptability.

Alternative substrate Biological Structural Chemical Economic

Porcelain ; ; ; –

Limestone + + + +

Noncalcium stone + + ; +

Concrete + ; + +

Nonoyster shell – – + +

Dredged shell ? ; ? –

Engineered reefs ? + ? ?

Substrates are assessed as being strong in a category (+) (i.e., they have

been assessed to perform well), weak (–), undetermined (;) (i.e.,

conflicting reports exist about the substrates� performance), or un-

known (?) (i.e., not enough data are available).
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Noncalcium Stone

Burke (2010) determined that stone reefs in a Virginia trib-

utary supported high oyster recruitment and long-term oyster
abundance (i.e., biomass and density), with numbers compa-
rable with the highest levels on restored oyster shell reefs. In
Virginia, Tamburri et al. (2008) revealed no significant differ-

ence (P > 0.05) in oyster settlement between oyster shells and
granite. One study showed calcium carbonate substrates (such
as shells and limestone) supported higher oyster settlement than

noncalcium carbonate substrates (such as stone and concrete),
suggesting biological limitations of stone due to chemical
composition (Dunn 2013). A recent evaluation of Harris

Creek, a Maryland tributary undergoing oyster restoration,
revealed the average oyster density was higher on stone reefs
(Westby et al. 2017).

Nonoyster Shell

Surf clam shell reefs in Virginia exhibited recruitment and
settlement suitability compared with oyster shell reefs in a
Virginia study but suffered higher levels of postsettlement

mortality (Nestlerode et al. 2007). Also, surf clam shell reefs did
not support high levels of oyster growth or survival (Nestlerode
et al. 2007). A more recent study from the United Kingdom
determined that reefs constructed with mussel shells supported

similar levels of species richness and abundance compared with
rock and oyster shell reefs (Callaway 2018). Limited interstitial
space compared with rock reefs, however, limited the perfor-

mance of mussel reefs in terms of enhancing infaunal diversity.

Dredged Shell

Numerous studies have demonstrated that oyster shells are
the best substrate for oyster recruitment, settlement, and
growth (Mann & Powell 2007, Waldbusser et al. 2011,

Kuykendall et al. 2015, Levine et al. 2017). Restoration efforts,
however, have used different classifications to describe oyster
shells. ‘‘Fresh’’ shells are classified as oyster shells that have

been shucked and subsequently replanted on bars (Judy 2017).
Historically, dredged shells, oyster shells that are buried or sit
on natural bars within the environment, not fresh shells, have

been the dominant material used to replenish oyster reefs
(Pace & Boyd 2012, Paul & Tanner 2012). The lack of available
dredged shells has led to the use of recycled (fresh) shells to fill
the gap. On an annual basis, the current volume of available

fresh shells is an extremely small fraction of the volume of
dredged shells used for reef replenishment at peak availability.
Whereas dredged shells theoretically have similar biologic

benefits to fresh oyster shells, there is no work that the authors
are aware of that specifically assesses the biological accept-
ability of dredged shells.

Engineered Reefs

The design and composition of engineered reefs have been

used to enhance their biological benefits as alternative sub-
strates. Oyster castles in Virginia used oyster shells, limestone,
and concrete to form the structures, taking advantage of the

biological benefits of these substrates for oyster recruitment
(Theuerkauf et al. 2015). In this study by Theuerkauf et al.
(2015), the oyster castles had double the oyster density and

biomass compared with oyster shell reefs because of enhanced
recruitment to the castles over the oyster shell reefs.

Engineered reefs can also be designed to enhance vertical
relief, allowing them to sit higher in the water column, which
has been demonstrated to improve oyster settlement (Breitburg
1999, Klotzbach 2013). Last, engineered substrates can be

designed with irregular surfaces and rugged textures to enhance
the available interstitial space to benefit oyster recruitment and
settlement (Tickle 2019).

STRUCTURAL

In addition to their biological benefits, oyster reefs are rec-

ognized for their structural advantages, including shoreline
stabilization, wave attenuation, and erosion control (Meyer
et al. 1997, Grabowski et al. 2012). Reef structures, including

height and interstitial space, also play a role in the biological
feasibility of alternative substrate reefs (Dunn 2013). Also,
within a restoration context, the persistence of a chosen sub-
strate has both economic and labor implications; the longer a

chosen substrate can last, the less additional material must be
used to enhance the reefs (La Peyre et al. 2014). Thus, evalua-
tions of alternative substrates must also consider these struc-

tural elements of native oyster reefs.

Concrete

Structurally, concrete benefits from its longevity (Haywood
et al. 1999). The structural complexity of concrete reef habitats,
the irregular surface and spaces, provides enhanced predation
protection to associated reef species than fragile shell substrates

(nonoyster shell) (USACE 2009). The volume of concrete sub-
strate has also been shown to enhance the settling environment
for oysters. Furlong (2012) demonstrated that adult oyster

densities on concrete surpassed densities on oyster shells in the
Gulf of Mexico. But similar to limestone, Quan et al. (2017)
described how the structural benefits of concrete reefs degraded

over time, calling into question their long-term viability. More
longitudinal data are needed to evaluate the structural benefits
of concrete over time.

Shoreline stabilization and wave attenuation benefits have
been attributed to concrete substrates through engineered reefs;
many engineered reefs use concrete in their formation
(Theuerkauf et al. 2015). Hard substrates for shoreline stabili-

zation, however, are increasingly being substituted with the idea
of ‘‘living shorelines,’’ or the preservation of a narrow band of
intertidal habitats (Currin et al. 2010). Hard substrates in these

vulnerable coastal areas have been shown to accelerate erosion
and increase siltation and stability of nearby waters (Pilkey &
Wright 1988, Currin et al. 2010). Thus, the benefits attributed to

the use of concrete reefs for oyster restoration need to be con-
sidered alongside any potential negative impacts on the sur-
rounding ecosystem.

Porcelain

The persistence of porcelain is a natural trait of the substrate;
it will not degrade like calcium carbonate structures and, thus,
can offer habitat structures for long periods of time. New York

City used porcelain to create reefs, specifically referencing the
persistence of porcelain as the reasoning behind their selection
(New York City Department of Environmental Protection
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2018). No work, however, has tested the long-term persistence
of porcelain. In terms of structural elements such as shoreline sta-

bilization or wave reduction, no work has assessed porcelain reefs.
Further research would be necessary to ascertain these factors.

Limestone

Similar to other stone-based substrates, one of limestone’s
principal benefits is its persistence (Kuykendall et al. 2015). The
persistence, paired with the diversity in possible sizes, allows

limestone reefs to be built upward. Gregalis et al. (2008) and
others have recognized the importance of vertical relief of reefs.
More vertical space on reefs has been shown to support higher

oyster recruitment and persistence, especially in areas where
hypoxia is common (Lenihan & Peterson 1998, Breitburg 1999).
Focused work would be necessary to assess the benefits of
limestone reefs in terms of other structural services such as wave

reduction or shoreline stabilization.

Noncalcium Stone

The durability of stone reefs has been commonly referenced
in the literature. Tamburri et al. (2008) and Burke (2010) em-
phasized the importance of the persistence of stone reefs. Hard

substrates such as stone are particularly beneficial in areas of
soft sediment, such as sand and mud; the type of the substrate is
less important than simply the presence of a hard substrate for

oysters to recruit to in an otherwise soft-substrate environment
(Grizzle & Ward 2016, Smyth et al. 2018). This highlights the
importance of awareness of the natural benefits or limitations of
the system under restoration consideration. Understanding re-

cruitment variability, habitat availability, temperature, salinity,
and other biotic and abiotic factors is key when selecting an
alternative substrate.

Nonoyster Shell

Surf clam shells were tested in the early 2000s in Virginia

(Coen & Luckenbach 2000, O�Beirn et al. 2000, Nestlerode et al.
2007) and were deemed unsuitable for reef building. This un-
suitability stemmed from its fragility; surf clam shells fractured

easily during handling, which limited critical interstitial space
and surface complexity. Other nonoyster shell substrates likely
suffer from the same issue, although there has not been any
discussion of structural elements of other shell types.

Dredged Shell

Levine et al. (2017) suggested that dredged shells may last

longer than fresh oyster shells, especially in low-pH environ-
ments. Their results drew on a study from Waldbusser et al.
(2011) that explained that dredged shells had a lower dissolution
rate than fresh shells across pH levels; this could contribute to

enhanced reef persistence. The calcium carbonate composition
of dredged shells means that it will still degrade and require
further addition of substrates later. Data in the literature on the

structural characteristics of dredged shells remain limited, hin-
dering the ability to draw conclusions.

Engineered Reefs

Structural benefits are some of the main drivers of engineered
options for oyster reef restoration. The design and creation of

these engineered options emphasize maximizing vertical relief
and interstitial space, attempting to capitalize on structural ele-

ments deemed crucial for oyster recruitment, settlement, and
growth (Gregalis et al. 2008). In addition, structural benefits of
wave attention, shoreline stabilization, and erosion control have
been discussed and tested within the literature (Brumbaugh &

Coen 2009, Dehon 2010, Servold 2015, Theuerkauf et al. 2015).
Most recently, Grow Oyster Reefs, LLC (GROW), a

Virginia-based company, developed concrete oyster reef resto-

ration tiles and concrete oyster reef restoration discs specifically
aimed for use in oyster restoration projects. They are molded
reproducible alternative substrate designs modeled after native

reef shape, surface, and chemical formula (Tickle 2019). The use
of these made-to-order substrates will continue to grow as
oyster restoration projects continue.

CHEMICAL

The primary consideration of chemical suitability of alter-
native substrates is based on the calcium content. Substrates

high in the calcium content may, through surface chemistry or
biofilm chemicals, induce oyster larvae to settle (Bavestrello
et al. 2000, Sonait & Burton 2005). Enhancing settlement, then,

makes these substrates more effective for oyster restoration
purposes. Some chemical concerns related to leaching, however,
have arisen because of varying levels of public or regulatory

acceptance or comfort using particular substrates (e.g., recycled
porcelain and repurposed concrete) (Fitzsimmons et al. 2019).
Both chemical concerns have an impact on the selection of al-
ternative substrates.

Concrete

Concrete lacks the chemical cues that calcium-based sub-

strates possess which have been shown to enhance biological
acceptability. In addition, there are negative public perceptions
associated with the use of concrete centered around potential

chemical leaching into the surrounding water column. Any use
of concrete for oyster restoration is subject to thorough cleaning
and removal of any building debris, if it is repurposed (e.g.,

concrete from demolished buildings or bridges); however, some
groups remain concerned. Work carried out by the U.S. Army
Corps of Engineers in the Chesapeake Bay demonstrated that
no damaging levels of contaminants are released into the water

column due to concrete substrates (USACE 2009). A more
controlled study has since been conducted in the Chesapeake
Bay with similar results; oyster growth and survival suffered no

adverse effects from the use of repurposed concrete substrates
(Clark et al. 2013).

Porcelain

Limited available data on porcelain reefs hinder any definite

conclusions concerning chemical suitability; porcelain, how-
ever, lacks the calcium base present in other alternative sub-
strates. Similar to concrete, porcelain reefs have been subject to

negative public and regulatory attitudes because of the nature of
the substrate source (e.g., postconsumer toilets and tubs). No
work has been carried out on any leaching possibilities for

porcelain substrates. Restoration projects, like that in New
York City, discuss the importance of cleaning porcelain pieces
before they are added to water, a point emphasized for all
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substrate materials (NewYorkCityDepartment of Environmental
Protection 2018). Despite biological and structural benefits to

porcelain reefs, selection of the substrate always has to consider
public and regulatory perceptions.

Limestone

The biological acceptability of limestone for oyster re-
cruitment, settlement, and growth has been suggested to be
heavily influenced by the chemical composition of the sub-

strate (Gregalis et al. 2008, La Peyre et al. 2014, Graham
et al. 2017). The difference in alternative substrate chemical
compositions (e.g., calcium versus silicon materials) could

have short- and long-term impacts on oyster populations
and should be evaluated longitudinally to understand
differences.

Noncalcium Stone

Stone is a noncalcium carbonate structure, meaning it lacks
the chemical composition that has been suggested to promote

oyster larvae recruitment and settlement (O�Beirn et al. 2000,
Sonait & Burton 2005). Despite its chemical composition, stone
has been shown to be a successful alternative substrate type for

oyster settlement, recruitment, growth, and ecosystem services
(Tamburri et al. 2008, Burke 2010).

Nonoyster Shell

The suggested chemical importance of calcium carbonate
for oyster larvae settlement (Hidu et al. 1975, Sonait &

Burton 2005) led to the use of nonoyster shells for oyster
reef restoration. Studies have shown that although larvae
settlement is similar across surf clams and oyster shells,
postsettlement mortality was significantly higher on surf

clam shells, resulting in significantly different oyster densi-
ties (P < 0.05). These differences are likely because of
structural differences between oysters and surf clam shells

(O�Beirn et al. 2000, Nestlerode et al. 2007). Despite
chemical suitability, structural issues (its ease of fracture)
limit the usefulness of some nonoyster shells as an alterna-

tive substrate.

Dredged Shell

Dredged shells, like other shell substrates, benefit from the

calcium carbonate composition (Paul & Tanner 2012). Limited
studies testing dredged shells or restoration efforts monitoring
dredged shells hinder the ability to make conclusions on their

chemical suitability, in particular on how dredged shells may
differ from fresh oyster shells.

Engineered Options

Enhancing the chemical acceptability of substrates inspired
the design ofGrowOyster Reefs concrete oyster reef restoration
tiles and concrete oyster reef restoration discs products. They

are made with CaCO3 concrete, a concrete mix formulated to
match oyster shell biochemical makeup (Tickle 2019). GROW
products demonstrate that chemical elements of substrates can

be incorporated into engineered options. In addition, the use of
new materials for the construction of many engineered reefs
limits chemical leaching concerns from these substrates.

ECONOMIC

Economic analysis of alternative substrates has always

been a consideration of hands-on oyster restoration work
(Hicks et al. 2004, LDFW 2004). Until recently, however, ex-
plicit economic analysis has been lacking within the peer-
reviewed literature (Baggett et al. 2015, Graham et al. 2017).

The use of economic considerations and analysis techniques
could be a way to more holistically assess the benefits and costs
of different alternative substrates (e.g., ability to support com-

mercially valuable species, increases in oyster harvest, cost of
material shipping and placement, and substrate availability).
Economic analyses are particularly important in the face of

increasingly large-scale, expensive restoration projects that re-
quire choosing the substrate that ‘‘will deliver the greatest value
within financial and operational limitations’’ (Graham et al.

2017, p. 468, Wilson et al. 2011).

Concrete

Concrete is an economically attractive substrate in part be-
cause of its diversity in size and shape, its ready availability, and

the ease of manufacture (Haywood et al. 1999, Lipcius & Burke
2006, Theuerkauf et al. 2015). Concrete can be obtained from old
pavements or road infrastructure (Clark et al. 2013), or manu-

factured and engineered specifically for restoration projects and
created into whatever size is appropriate for the restoration
project at hand (Drexler et al. 2014, Theuerkauf et al. 2015).

Graham et al. (2017) illustrated that oyster shells and con-
crete both returned similarly high benefit-to-cost ratios (BCR)
for motile fauna, meaning that the costs of both substrates
returned high numbers of associated motile fauna, and in fact,

concrete returned a higher BCR than shells in terms of oyster
abundance. This BCR technique is an example of how ecosys-
tem services of alternative substrates can be incorporated into

economic analysis and considerations.

Porcelain

Although porcelain is readily available in the form of old

toilets and sinks, the associated costs of this alternative sub-
strate are high. Oyster reef restoration efforts in Virginia
showed that moving and preparing the porcelain were more
expensive than using natural oyster shells (Schnaars 2001,

Paul & Tanner 2012). These results are dated, but no further
work has assessed the economic feasibility of porcelain. The
increasing cost of native oyster shells in recent years could make

porcelain economically feasible going forward.

Limestone

The LDFW (2004) concluded that limestone is more ex-

pensive to obtain than crushed concrete or crushed oyster shells.
Since this report was published, further studies have called
limestone a ‘‘cheaper’’ alternative substrate option (Theuerkauf
et al. 2015). Kuykendall et al. (2015) demonstrated that eco-

nomically, limestone performed similar to oyster shells. The
benefit of large volumes of limestone was attributed to the rel-
ative proportion of small to large particles; the mix allows for

increased interstitial space and surface areas.
Australian oyster restoration efforts have also emphasized

the economic benefits of limestone beyond in-the-water costs
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due to the logistics and transport of limestone from quarries to
the restoration sites (Gillies et al. 2015). This economic benefit

would apply to any alternative substrate that needed to be
transported to restoration sites.

Noncalcium Stone

Stone has become a frequently used alternative substrate for
oyster restoration because of its ready availability in many re-
gions and its relatively reasonable price compared with oyster

shells (USACE 2009). More recent work by Graham et al.
(2017) revealed that stone substrates cost more than limestone,
concrete, and oyster shells and these reefs had the lowest oyster

density and motile fauna production BCR of the four sub-
strates. These findings demonstrate how the lens of evaluation
can impact the perceived benefits of alternative substrates.

Nonoyster Shell

The USACE (2009) report revealed the cost of nonoyster
shells (surf clam) to be lower than any other alternative sub-

strate except dredged oyster shells. Paul and Tanner (2012),
however, discuss how the limited supply of nonoyster shells and
their lack of durability hinder the long-term economic benefit of

these shell substrates.

Dredged Shell

The USACE (2009) report revealed the cost of dredged
oyster shells to be among the lowest among alternative sub-
strates. Changing conditions since this report, i.e., the decrease

in available dredged shells in many areas such as the Ches-
apeake Bay, the Gulf of Mexico, and Australia, render the re-
port results out of date. The finite nature of dredged shells limits
the long-term viability and economic benefit of this substrate

source.

Engineered Reefs

Engineered reefs naturally have higher costs because of the
need to design and construct these substrates (USACE 2009,
Paul & Tanner 2012). The continued use of these engineered

reefs assumes that the benefits accruing from the high level of
design specificity outweigh the higher costs. La Peyre et al.
(2014), however, highlighted the lack of information available
on many engineered products. Limited data on their effective-

ness make the selection of these higher cost options riskier
(Lowe et al. 2011, La Peyre et al. 2014). The cost of engineered
options may be mitigated in the future with the advent of

construction-grade three-dimensional printers, allowing for the
optimization of material usage and eliminating expensive
tooling (Mohammed 2016). The feasibility of using engineered

options for large-scale restoration efforts, however, remains to
be seen.

CONCLUSION AND DISCUSSION

This review provides an overview of alternative substrates
used for oyster reef restoration. Results demonstrate the global
nature of oyster restoration, but with the dominance of projects

and literature originating in the United States. The most com-
monly discussed substrates included concrete, limestone, por-
celain, noncalcium stone, nonoyster shell, dredged shell, and

engineered reefs. From the literature, four performance
metrics were derived that have been commonly used to assess

and evaluate different alternative substrates: biological,
structural, chemical, and economic acceptability. Examples
from the literature within these four categories have been
presented.

Oyster restoration projects are growing in scale and
quantity. These projects need substrates, and in many loca-
tions, there are not enough oyster shells available. Policy

shifts (e.g., incentivizing shell recycling programs (Levine
et al. 2017) or creating and enforcing a shell budget (Sonait
et al. 2012)) could help increase the amount of shells avail-

able. These policy shifts alone are unlikely to result in the
volume of shells needed for oyster restoration projects, es-
pecially as restoration projects continue to focus on goals
beyond enhancing local oyster fisheries. Although oyster

shells are the best substrates for enhancing oyster pop-
ulations, it might not be the best choice if restoration goals
include long-term sustainably of reefs or creating more

complex habitat structures. The results from this review
support the suggestion in Graham et al. (2017) that the al-
ternative substrate of choice will depend on the goals of the

specific restoration project.
Despite the four overarching performance metrics discussed,

the lack of comprehensive, universal performance metrics to

assess oyster restoration projects was evident during this review.
The need for universal metrics has been widely discussed in the
literature (Allen et al. 2011, Baggett et al. 2014, Grizzle &Ward
2016, Bardar 2019, Fitzsimmons et al. 2019). Some universal

metrics have even been proposed, including reef areal dimen-
sion, reef height, and oyster density; however, there have not
been concentrated efforts to adopt and use these suggestions

(Baggett et al. 2014). Through the application of consistent
metrics, more complete information on the strengths and
weaknesses of different substrates will be available, including

basic information such as restoration project descriptions, reef
location, original configuration, source of funding, or overall
goals of restoration. This is especially important because of the
wide range of systems in which oyster restoration is being

conducted (e.g., high versus low recruitment and other varying
abiotic and biotic factors, including salinity, temperature, and
turbidity). Any universal metrics must be broad enough to

consider the variability of systems being restored, to allow
managers and policymakers to compare their system and others
when designing restoration projects and selecting substrates.

Finding the balance between specific goals of each individual
restoration project and overall restoration approaches and
methods will aid in the selection of an alternative substrate.

Last, any set of common metrics moving forward must ac-
count for climate change–induced impacts when assessing the
strengths and weaknesses of substrates. For example, estuarine
waters, the location of many oyster reef restoration projects, are

more susceptible to acidification because of their shallower
depths, less saline waters, and lack of marine water buffers
(Waldbusser et al. 2011). The calcium bases of many substrates

(oyster, nonoyster shell, and limestone) are more vulnerable to
decreased pH, which may hinder their effectiveness in the long
term (Waldbusser et al. 2011). Alternative substrates such as

stone or many engineered options could become de facto
choices to ensure the persistence of restoration projects in the
face of lowering pH levels.
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Selection of alternative substrates for oyster restoration will
occur in the face of different project goals, scales, outlooks,

challenges, and limitations. Both ecosystemand economic benefits

must be considered when selecting an alternative substrate; in the

end, the specific goals of specific restoration projects will dictate

the choice of the substrate. As oyster restoration projects continue

to grow in number, scope, and diversity of techniques, the creation

and use of a set of common metrics would allow these projects to

have more complete information when selecting substrates.
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Fariñas-Franco, J. M., B. Pearce, J. M. Mair, D. B. Harries, R. C.

MacPherson, J. S. Porter, P. J. Reimer & W. G. Sanderson. 2018.

Missing native oyster (Ostrea edulis L.) beds in a European marine

protected aea: should there be widespread restorative management?

Biol. Conserv. 221:293–311.

Feinerer, I., & K. Hornik. 2019. Tm: text mining package. R pack-

age version 0.7-7. Available at: https://CRAN.R-project.org/

package¼tm.

Fitzsimmons, J., S. Branigan, R. D. Brumbaugh, T. McDonald & P. S.

E. zu Ermgassen, editors. 2019. Restoration guidelines for shellfish

reefs. Arlington, VA: The Nature Conservancy. 80 pp.

Furlong, J. N. 2012. Artificial oyster reefs in the northern Gulf of

Mexico: management, material, and faunal effects. MS thesis,

Louisiana State University. 117 pp.

George, L., K. De Santiago, T. Palmer & J. Pollack. 2015. Oyster reef

restoration: effect of alternative substrates on oyster recruitment

and nekton habitat use. J. Coast. Conserv. 19:13–22.

Gillies, C. L., C. Creighton & I. M. McLeod, editors. 2015. Shellfish

reed habitats: a synopsis to underpin the repair and conservation of

GOELZ ET AL.8

Downloaded From: https://bioone.org/journals/Journal-of-Shellfish-Research on 30 Apr 2020
Terms of Use: https://bioone.org/terms-of-use

https://nsuworks.nova.edu/cnso_stucap/342
https://CRAN.R-project.org/package=tm
https://CRAN.R-project.org/package=tm
https://CRAN.R-project.org/package=tm


Australia�s environmentally, socially and economically important

bays and estuaries. Report to the National Environmental Science

Programme, Marine Biodiversity Hub. Townsville, Australia:

Centre for Tropical Water and Aquatic Ecosystem Research Pub-

lication. 68 pp.

Grabowski, J. H. & C. H. Peterson. 2007. Restoring oyster reefs to re-

cover ecosystem services. In: Cuddington, K., J. Byers, W.Wilson &

A. Hastings, editors. Ecosystem engineers: plants to protists. Ox-

ford, UK: Elsevier Science. pp. 281–298.

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

J. J. Opaluch, C. H. Peterson, M. F. Piehler, S. P. Powers & A. R.

Smyth. 2012. Economic valuation of ecosystem services provided by

oyster reefs. Bioscience 62:900–909.

Graham, P., T. Palmer & J. Pollack. 2017. Oyster reef restoration:

substrate suitability may depend on specific restoration goals.

Restor. Ecol. 25:459–470.

Gregalis, K., S. Powers & K. Heck, Jr. 2008. Restoration of oyster reefs

along a bio-physical gradient in Mobile Bay, Alabama. J. Shellfish

Res. 27:1163–1169.

Grizzle, R. & K. Ward. 2016. Assessment of recent eastern oyster

(Crassostrea virginica) reef restoration projects in the Great Bay

Estuary, New Hampshire: planning for the future. Durham, NH:

PREP Publications. 26 pp.

Haywood, E. L., T. M. Sonait & R. C. Broadhurst. 1999. Alternatives

for clam and oyster shell as cultch for eastern oysters. In: Luck-

enbach, M. W., R. Mann & J. A. Wesson, editors. Oyster reef

habitat restoration: a synopsis and synthesis of approaches. Glou-

cester Point, VA: Virginia Institute of Marine Science Press. pp.

295–304.

Hicks, R. L., T. C. Haab & D. Lipton. 2004. The economic benefits of

oyster reef restoration in the Chesapeake Bay. Williamsburg, VA:

Chesapeake Bay Foundation. 113 pp.

Hidu, H., S. Chapman & P. Soule. 1975. Cultchless setting of European

oysters, Ostrea edulis, using polished marble. Proc. Natl. Shellfish.

Assoc. 65:13–14.

Judy, C. 2017. DNR repletion program 1960–2006 - Presentation to

Maryland�s oyster advisory commission. Accessed June 12, 2017.

Available at: https://dnrweb.dnr.state.md.us/fisheries/calendar/

events/1499/OAC_Presentation_Past_Repletion_Program.pdf.

Klotzbach, K. E. 2013. Impacts of artificial reef additions on the nekton

community of Louisiana marsh ponds: a before-after-control-

impact analysis. MS thesis, Louisiana State University. 109 pp.

Kuykendall, K., P. Moreno, E. Powell, T. Sonait, S. Colley, R. Mann &

D. Munroe. 2015. The exposed surface area to volume ratio: is shell

more efficient than limestone in promoting oyster recruitment?

J. Shellfish Res. 34:217–225.

La Peyre,M., J. Furlong, L. Brown, B. Piazza&K. Brown. 2014. Oyster

reef restoration in the northernGulf ofMexico: extent, methods and

outcomes. Ocean Coast. Manage. 89:20–28.

Lenihan, H. S. & C. H. Peterson. 1998. How habitat degradation

through fishery disturbance enhances impacts of hypoxia on oyster

reefs. Ecol. Appl. 8:128–140.

Levine, E., J. Gosnell, E. Goetz & C. Malinowski. 2017. Natural cultch

type influences habitat preference and predation, but not survival, in

reef-associated species. Restor. Ecol. 25:101–111.

Lipcius, R. &R. Burke. 2006. Abundance, biomass and size structure of

eastern oyster and hooked mussel on a modular artificial reef in the

Rappahannock River, Chesapeake Bay. Special report in applied

marine science and ocean engineering No. 390. Gloucester Point,

VA: Virginia Institute of Marine Science, College of William &

Mary. 20 pp.

Louisiana Department of Wildlife and Fisheries. 2004. Louisiana�s
oyster shell recovery pilot project. NOAA Award no. NA96FK0188.

Baton Rouge, LA: Louisiana Department of Wildlife and Fisheries.

253 pp.

Lowe, M., S. Stokes & G. Gereffi. 2011. Restoring Gulf oyster

reefs - opportunities for innovation. Center on Globalization,

Governance & Competitiveness. Durham, NC: Environmental

Defense Fund. 57 pp.

Mann, R. & E. N. Powell. 2007. Why oyster restoration goals in the

Chesapeake Bay are not and probably cannot be achieved.

J. Shellfish Res. 26:905–917.

Meyer, D. L., E. C. Townsend & G. W. Thayer. 1997. Stabilization and

erosion control value of oyster cultch for intertidal march. Restor.

Ecol. 5:93–99.

Mohammed, J. 2016. Applications of 3D printing technologies in

oceanography. Methods Oceanogr. 17:97–117.

Nestlerode, J., M. Luckenbach & F. O�Beirn. 2007. Settlement and

survival of the oyster Crassostrea virginica on created oyster reef

habitats in Chesapeake Bay. Restor. Ecol. 15:273–283.

New York City Department of Environmental Protection. 2018. One

water NYC: 2018 water demandmanagement plan. NewYork, NY:

New York Department of Environmental Protection. 68 pp.

Nunez-mir, G. C., B. V. Iannone, K. Curtis & S. Fei. 2015. Evaluating

the evolution of forest restoration research in a changing world:

a ‘‘big literature’’ review. New For. 46:669–682.

O�Beirn, F., M. Luckenbach, J. Nestlerode & G. Coates. 2000. Toward

design criteria in constructed oyster reefs: oyster recruitment as a

function of substrate type and tidal height. J. Shellfish Res.

19:387–395.

Pace, N. L. & C. A. Boyd. 2012. Shellfish restoration and alternative

shoreline protection policies of the southeastern United States:

Florida, Georgia, North Carolina and South Carolina. Ocean

Springs, MS: The Nature Conservancy. 71 pp.

Paul, R. & C. Tanner. 2012. St. Mary�s River oyster reef restoration:

construction andmonitoring. St. Mary�s, MD: St. Mary�s College of
Maryland Report. 40 pp.

Piazza, B. P., P. D. Banks & M. K. La Peyre. 2005. The potential for

created oyster shell reefs as a sustainable shoreline protection

strategy in Louisiana. Restor. Ecol. 13:499–506.

Pilkey, O. H. & H. L. Wright. 1988. Seawalls versus beaches. J. Coast.

Res. 4:41–67.

Powers, S. P., C. H. Peterson, J. H. Grabowski & H. S. Lenihan. 2009.

Success of constructed oyster reefs in no-harvest sanctuaries: im-

plications for restoration. Mar. Ecol. Prog. Ser. 389:159–170.

Quan, W.-m., J.-x. Zhu, Y. Ni, L.-y. Shi & Y.-q. Chen. 2009. Faunal

utilization of constructed intertidal oyster (Crassostrea rivularis) reef

in the Yangtze River estuary, China. Ecol. Eng. 35:1466–1475.

Quan, W., R. Fan, Y. Wang & A. Humphries. 2017. Long-term oyster

recruitment and growth are not influenced by substrate type in

China: implications for sustainable oyster reef restoration.

J. Shellfish Res. 36:79–86.

R Core. 2018. R: a language and environment for statistical computing.

R foundation for statistical computing. Vienna, Austria. Available

at: https://www.R-project.org.

Schnaars, C. 2001. Tired toilet? City pleads for used porcelain. The

Daily Press. Accessed October 17, 2018. Available at: http://www.

dailypress.com/news/dp-xpm-20010714-2001-07-14-0107140034-story.

html.

Servold, K. P. 2015. Observations of wave setup and transmission be-

hind low-crested artificial reef breakwaters. MS thesis, University of

South Alabama. 83 pp.

Smyth, D., A. M. Mahon, D. Roberts & L. Kregting. 2018. Settlement

of Ostrea edulis is determined by the availability of hard substrata

rather than by its nature: implications for stock recovery and res-

toration of the European oyster. Aquat. Conserv. 28:662–671.

Sonait, T., R. C. Broadhurst & E. L. Haywood. 1991. Alternatives to

clamshell as cultch for oysters, and the use of gypsum for the pro-

duction of cultchless oysters. J. Shellfish Res. 10:405–410.

Sonait, T. M. & G. M. Burton. 2005. A comparison of the effectiveness

of sandstone and limestone as cultch for oysters, Crassostrea vir-

ginica. J. Shellfish Res. 24:483–485.

Sonait, T. M., J. M. Klinck, E. N. Powell, N. Cooper, M. Abdelguerfi,

E. E. Hofmann, J. Dahal, S. Tu, J. Finigan, B. S. Eberline, J. F. La

OYSTER REEF RESTORATION WITH ALTERNATIVE SUBSTRATES 9

Downloaded From: https://bioone.org/journals/Journal-of-Shellfish-Research on 30 Apr 2020
Terms of Use: https://bioone.org/terms-of-use

https://dnrweb.dnr.state.md.us/fisheries/calendar/events/1499/OAC_Presentation_Past_Repletion_Program.pdf
https://dnrweb.dnr.state.md.us/fisheries/calendar/events/1499/OAC_Presentation_Past_Repletion_Program.pdf
https://www.R-project.org
http://www.dailypress.com/news/dp-xpm-20010714-2001-07-14-0107140034-story.html
http://www.dailypress.com/news/dp-xpm-20010714-2001-07-14-0107140034-story.html
http://www.dailypress.com/news/dp-xpm-20010714-2001-07-14-0107140034-story.html


Peyre, M. K. La Peyre & F. Qaddoura. 2012. A shell-neutral mod-

eling approach yields sustainable oyster harvest estimates: a retro-

spective analysis of the Louisiana state primary seed grounds.

J. Shellfish Res. 31:1103–1112.

Tamburri, M., M. Luckenbach, D. Breitburg & S. Bonniwell. 2008.

Settlement of Crassostrea ariakensis larvae: effects of substrate,

biofilms, sediment and adult chemical cues. J. Shellfish Res.

27:601–608.

Theuerkauf, S., R. Burke & R. Lipcius. 2015. Settlement, growth, and

survival of eastern oysters on alternative reef substrates. J. Shellfish

Res. 34:241–250.

Tickle, E. 2019. United States patent no. 20190212455. Available at:

https://patents.google.com/patent/WO2016172058A2/en.

U.S. Army Corps of Engineers - Baltimore District. 2009. Final envi-

ronmental assessment and finding of no significant impact –

Chesapeake Bay oyster restoration using alternative substrate

report. Baltimore, MD. 158 pp.

Waldbusser, G., R. Steenson&M.Green. 2011. Oyster shell dissolution

rates in estuarine waters: effects of pH and shell legacy. J. Shellfish

Res. 30:659–669.

Walles, B., K. Troost, D. van den Ende, S. Nieuwhof, A. Smaal & T.

Ysebaert. 2016. From artificial structures to self-sustaining oyster

reefs. J. Sea Res. 108:1–9.

Westby, S. R., A. Sowers, J. Lazar,W. Slacum&K. Paynter. 2017. 2016

oyster reef monitoring report: analysis of data from large-scale

sanctuary oyster restoration projects in Maryland. Annapolis, MD:

Chesapeake Bay Program. 142 pp.

Wilson, K. A., M. Lulow, J. Burger, Y.-C. Fang, C. Anderson, D.

Olson, M. O�Connell & M. F. McBride. 2011. Optimal restoration:

accounting for space, time, and uncertainty. J. Appl. Ecol.

48:715–725.

APPENDIX 1: ARTICLES INCLUDED IN THE ALTERNATIVE SUBSTRATE REVIEW

Arney, R. N., C. Y. M. Froehlich & R. J. Kline. 2017. Recruitment

patterns of Juvenile fish at an artificial reef area in the Gulf of

Mexico. Mar. Coast. Fish. 9:79–92.

Arrington, M., A. Auerbacj, N. Gold-Pastor, N. Mengers, C. Schiks-

nis & C. Simon. 2019. Alternative substrate for restoration of the

Chesapeake Bay�s eastern oyster, Crassostrea virginica: an evalua-

tion using additive manufacturing and electrolysis mineral accre-

tion. Gemstone Program, College Park, MD: University of

Maryland. 120 pp.

Bardar, T. L. 2019. Factors contributing to the success of restored

oyster reefs in the Choptank River of the Chesapeake Bay, Virginia.

Honors Capstone, Nova Southeastern University. 36 pp. Available

at: https://nsuworks.nova.edu/cnso_stucap/342.

Barnes, B. T. 2014. Seasonal differences in diet of two predatory fishes in

relation to reef type in the inshore northern Gulf of Mexico. MS

thesis, University of Southern Mississippi. 78 pp.

Becker, A.,M.D. Taylor, H. Folpp&M.B. Lowry. 2018.Managing the

development of artificial reef systems: the need for quantitative

goals. Fish Fish. 19:740–752.

Bennett, S. 2013. United States patent no. 0118413. Available at:

https://patents.google.com/patent/WO2011079346A1/en.

Black, J. A. 2011. Oyster reef restoration in North Carolina: recom-

mendations for improvements in techniques and monitoring. MS

thesis, Duke University. 33 pp.

Boasso, W. J. 2018. United States patent no. 9926680. Available at:

https://patents.google.com/patent/US3495573.

Borde, A. B., L. K. O�Rourke, R. M. Thom, G. W. Williams & H. L.

Diefenderfer. National review of innovative and successful coastal

habitat restoration. Sequim, WA: NOAA Coastal Services Center.

61 pp.

Brown, L. A. 2012. Oyster reef restoration in the northern Gulf of

Mexico: effect of substrate and age on ecosystem services.MS thesis,

Louisiana State University. 55 pp.

Brown, L. A., J. N. Furlong, K. M. Brown & M. K. La Peyre. 2014.

Oyster reef restoration in the northern Gulf of Mexico: effect of

artificial substrate and age on nekton and benthicmacroinvertebrate

assemblage use. Restor. Ecol. 22:214–222.

Brumbaugh, R. D., M. W. Beck, L. D. Coen, L. Craig & P. Hick. 2006.

A practitioners guide to the design & monitoring of shellfish resto-

ration projects. Arlington, VA: The Nature Conservancy. 32 pp.

Brumbaugh, R. & L. Coen. 2009. Contemporary approaches for small-

scale oyster reef restoration to address substrate versus recruitment

limitation: a review and comments relevant for the Olympia oyster,

Ostrea lurida Carpenter 1864. J. Shellfish Res. 28:147–161.

Burke, R. 2010. Alternative substrates as a native oyster (Crassostrea

virginica) reef restoration strategy in Chesapeake Bay. PhD diss.,

Virginia Institute of Marine Science, College of William and Mary.

287 pp.

Callaway, R. 2018. Interstitial space and trapped sediment drive benthic

communities in artificial shell and rock reefs. Front. Mar. Sci. 5:288.

Carrasco, M. F., L. A. Venerus, N. E. Weiler & P. J. Barón. 2019. Ef-

fects of different intertidal hard substrates on the recruitment of

Crassostrea gigas. Hydrobiologia 827:263–275.

Clark, K. L., J. G. Hunter, M. M. Bundy & D. H. Kang. 2013. Eval-

uation of waste concrete road materials for use in oyster aquacul-

ture. St. Leonard, MD: Maryland Department of Transportation.

61 pp.

Coen, L. &M. Luckenbach. 2000. Developing success criteria and goals

for evaluating oyster reef restoration: ecological function or re-

source exploitation? Ecol. Eng. 15:323–343.

Crews, M. K. 2012. Artificial oyster reefs as a water quality remediation

tool in a contaminated estuary. MS thesis, University of Georgia.

104 pp.

Dehon, D. D. 2010. Investigating the use of bioengineered oyster reefs

as a method of shoreline protection and carbon storage. MS thesis,

Louisiana State University. 64 pp.

Didderen, K., T. M. van der Have, J. H. Bergsma, H. van der Jagt, W.

Lengkeek, P. Kamermans, A. van de Brink & M. Maathuis. 2018.

Shellfish bed restoration pilots Voordelta, Netherlands. Voordelta,

The Netherlands: Haringvliet Dream Fund Project, ARK Nature

and World Wildlife Fund. 68 pp.

Dow, I. M. 2008. Epifaunal assemblages of a newly established oyster

reef with two substrates. MS thesis, University of South Florida.

86 pp.

Drexler, M. 2011. Population biology, ecology, and ecosystem contri-

butions of the eastern oyster (Crassostra virginica) from natural and

artificial habitats in Tampa Bay, Florida. MS thesis, University of

Southern Florida. 116 pp.

Drexler, M., M. Parker, S. Geiger & W. Arnold. 2014. Biological as-

sessment of eastern oysters (Crassostrea virginica) inhabiting reef,

mangrove, seawall, and restoration substrates. Estuaries Coasts

37:962–972.

Dunlop, T. 2016. Optimal oyster reef design for shoreline protection

using combinations of oyster shell filled bags and sandbags. Honors

thesis, University of New South Wales. 184 pp.

Dunn, R. 2013. Oyster demographics and Cliona boring sponge on

potential reef-building substrates - implications for oyster restora-

tion. MS thesis, North Carolina State University. 104 pp.

Dunn, R. P., D. B. Eggleston &N. Lindquist. 2014. Effects of substrate

type on demographic rates of eastern oyster (Crassostrea virginica).

J. Shellfish Res. 33:177–185.

GOELZ ET AL.10

Downloaded From: https://bioone.org/journals/Journal-of-Shellfish-Research on 30 Apr 2020
Terms of Use: https://bioone.org/terms-of-use

https://patents.google.com/patent/WO2016172058A2/en
https://nsuworks.nova.edu/cnso_stucap/342
https://patents.google.com/patent/WO2011079346A1/en
https://patents.google.com/patent/US3495573


Dunn, R. P., D. B. Eggleston & N. Lindquist. 2014. Oyster-sponge in-

teractions and bioerosion of reef-building substrate materials: im-

plications for oyster restoration. J. Shellfish Res. 33:727–738.

Eckert, R. L. 2016. Oyster (Crassostrea virginica) recruitment studies in

the Great Bay Estuary, New Hampshire. MS thesis, University of

New Hampshire. 89 pp.
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