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Chapter 1: Introduction

Restoring oyster habitat has become an accepted practice along U.S. coasts, with projects increasing both in number 
and in scale. Historically the motivation for restoration in many places was to address declines in oyster landings. The 
motivation has substantially shifted towards counteracting the widespread loss of reef habitat and the commensurate 
loss of ecosystem benefits they provide. With the increasing focus on, and investment in, restoration of habitat for 
ecosystem services, there is a need to better define and quantify the overall objectives for restoration on an estuary 
scale. It is important to be able to show, in quantitative terms, the contribution of each restoration project to the larger 
coastal systems in which they are placed.

At present there is little guidance available to managers seeking to set long-term, large-scale management and restoration 
objectives for oyster reef habitat. In the past objectives have tended to be aspirational (e.g., a 10-fold increase in oyster 
biomass) and often lacked an ecological or social context. Restoration of oyster reefs and beds may be motivated by a number 
of perceived benefits including the enhancement of both oyster and non-oyster (e.g. finfish, shrimp and crab) fisheries, water 
quality improvements, reduced erosion and coastal protection, and the biodiversity and cultural value associated with oyster 
habitat. Much has been learned about how oyster reefs and beds function and deliver these services, which has accelerated 
growth and interest in oyster restoration projects. Using this new knowledge of the services oyster reefs provide to frame 
restoration objectives will help to ensure that oyster reef restoration maintains its current momentum.

This guide is accompanied by an online calculator, an interactive web 
page within the ‘OceanWealth.org’ web site. The calculator is designed to 
allow users to enter data such as existing oyster density and mean size, 
expected mean size and density for restored habitat and adjust the target 
% of the estuary volume to be filtered by oysters within the residence time 
of the estuary. Existing data such as estuary volume, the residence time 
of water within the estuary, mean summer water temperature, and the 
historic percentage of estuary filtration achieved by the biomass of oysters 
present at the earliest census (generally around 1900), and even recent 
existing oyster size and density values are provided where available. The 
site calculates the area of oyster habitat that would need to be restored 
to achieve the specified level of filtration and the number or weight of fish 
that would be produced from that area of restored oyster habitat. The 
calculator uses the methods described in this guide (chapters 5 and 7) 
and the two are intended to complement each other. The calculator can be 
found at http://oceanwealth.org/resources/oyster-calculator/.

This guide does not aim to address the management of wild oyster 
fishery resources. This guide instead aims to highlight that many varied 
communities are dependent on the benefits generated by the ecosystem 
services that oyster habitat provides. While the oyster fishery itself is an 
important service that needs to be maintained we do not focus on restoration for this purpose. Rather we highlight 
the benefits to commercial fishers that rely on the finfish produced from oyster reefs, the communities that depend 
on income from the recreational fishers, the tourism industry that relies on visitors engaging in water related 
activities, the aquaculture industry that relies on good water quality and even the service industry that relies on 
coastal homeowners attracted by healthy bays and estuaries. All depend on the services provided by oyster habitat. 
Managing oyster habitat for the multiple benefits it provides people is essential for protecting coastal ecosystems for 
all who rely on them. Current evidence suggests that the value of the other ecosystem services derived from a unit 

This guide is accompanied  
by an online calculator. The 
interactive webpage can calculate 
the area of oyster habitat needed to 
restore a specified level of filtration 
and the number or weight of fish that 
would be produced from that area of 
restored oyster habitat. 

The calculator uses the methods 
described in this guide (chapters 5 and 7)  

The calculator can be found at:  
http://oceanwealth.org/
resources/oyster-calculator/ 

http://oceanwealth.org/resources/oyster-calculator/
http://oceanwealth.org/resources/oyster-calculator/
http://oceanwealth.org/resources/oyster-calculator/
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area of oyster reef is far higher than the value of the oysters that could be extracted (Grabowski et al. 2012). Therefore 
sustainable management of the fished oyster resources should be pursued in order to ensure that the fishery persists 
into the future, but oyster habitat should also be managed to increase the values of the non-extractive ecosystem 
services it provides (Brumbaugh et al., 2010).

This guide is intended to assist natural resource managers and restoration practitioners in making the case for 
oyster restoration and in setting quantitative objectives for restoring and managing oyster reefs and beds at an 
estuary or bay-wide scale. Determining the area of oyster restoration required to achieve long-term large-scale 
objectives has numerous applications, including being able to incorporate restoration into spatial plans that resolve 
user conflicts, and better aligning objectives with restoration fundraising goals and management budgets over 
the long-term. Ultimately the objective for restored oyster reef should be combined with a consideration of the 
ecosystem services provided by other habitat types to develop an ecosystem-based plan for conservation and 
restoration on a system scale.

We draw on the latest science and information on historical extent of this globally imperiled habitat to illustrate 
how to set quantitative objectives around the return of two key ecosystem services provided by oyster habitat; 
water filtration and the enhancement of non-oyster fisheries. The information provided here enables restoration 
planning and management toward these benefits at an estuary scale. Two additional ecosystem services are 
considered, denitrification and shoreline protection. The relationship between oyster biomass and denitrification 
is not yell well enough understood to set objectives, however, work toward this goal is continuing and a 
description of this important service is included. Shoreline protection is a highly valuable service that is generally 
considered at scales smaller than a whole bay or estuary, so this topic is introduced and the reader referred to 
existing materials.

Where possible, we focus on and draw examples from specific locations. Data for setting estuary-scale objectives are 
not equally available for all locations and, therefore, interpolation from adjacent regions may also be required. This 
approach necessarily represents an estuary wide mean and does not represent the benefits delivered at all locations 
within an estuary. This document uses science-based evidence to assist practitioners in defining their objectives and 
the approximate amount of restoration required to achieve them. The true amount of ecosystem services delivered will 
be influenced by a multitude of factors on a smaller scale, including but not limited to; reef location, landscape, project 
performance, and many other abiotic factors. 

SOME IMPORTANT CAVEATS

This guide is not a replacement for post-project monitoring. Such monitoring is the only way to assess project 
performance and quantify the actual ecosystem services delivered as a result of a project. This document does 
provide a way to set science-based objective for the amount of restoration required to achieve the desired level 
of benefits and ecosystem services that motivate the restoration. Monitoring of the intended objective and 
adaptive management must also play a role in both project planning and assessing progress.

This guide does not determine specific sites within an estuary where restoration is needed or should be 
undertaken. This is a critical next step after estuary level objectives for oyster restoration have been described 
(See Figure 1.).

For further information on identifying specific sites suitable for oyster restoration projects, see Brumbaugh et al. 
(2006), and for further information on restoration design and monitoring please see Baggett et al. (2014).



Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide   |   9

Figure 1: Schematic summary of the restoration process.

Figure 1 illustrates the sequential steps of design, site selection, implementation and assessing impacts from oyster 
reef restoration projects, highlighting that while it is important, setting objectives is only one of a number of phases 
of a complete restoration project. The complexity and time requirements of each step are masked in this simple 
representation. For example, the site selection and restoration implementation steps contain activities ranging from site 
suitability assessment and permitting, to volunteer and contractor management, hatchery production when appropriate, 
and in-water construction work. Setting objectives first, using this guide, can facilitate subsequent steps in the process. A 
justifiable description of bay or estuary-scale objectives will illustrate the scale of restoration needed and help determine 
the potential funding needs for a project or set of projects required to achieve those objectives. Understanding the overall 
objectives for oyster habitat restoration within a given estuary may also help staff develop a framework for permitting 
the multiple projects required to reach the objectives described, and will give community participants and volunteers 
an understanding of how their time and effort contributes to achieving outcomes beyond the scale of a single project. 
Similarly funders may be more inclined to support multiple projects over time if they are placed in the larger ecosystem-
based context.

Setting
Objectives

Restoration
Implementation

Monitoring &
Assessment

Site
Selection
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Chapter 2: Making the Case for Oyster Restoration 

Support for oyster reef restoration primarily arises from unequivocal evidence of the widespread and large-scale loss 
of this critical coastal habitat (zu Ermgassen et al., 2012), and the ecosystem services it provides (Coen et al., 2007, 
Grabowski et al., 2012). This guide seeks to summarize the quantification of ecosystem services provided by oyster 
restoration in a readily accessible format. In this section we review the background to “making a case” for oyster 
restoration. We summarize the evidence of declines in oyster habitat in the United States, as well as the ecosystem 
services these habitats provide. 

Figure 2: Oyster biomass remaining in estuaries for which comparable historic and modern data were available, illustrating the extent of 
loss of oyster reef habitats throughout the U.S. adapted from zu Ermgassen et al. 2012.

What is an oyster reef?
Oysters are marine and estuarine bivalve mollusks in the Family Ostreidae. The most common species of oyster in the 
U.S. are the eastern oyster (Crassostrea virginica) on the Atlantic and Gulf coasts, and the Olympia oyster (Ostrea lurida) 
on the Pacific coast. Both of these species are commercially valuable. Oysters can be long lived; eastern oysters as old as 
18 years have been recorded (Bleakney and David, 1983). A life span of just 3-5 years is, however, more typical in today’s 
environment, given harvest pressures and introduced predators and diseases. 

Percentage 
of historic 
remaining
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Figure 3: A variety of oyster reefs including: (a) restored reef in FL, P. Frederick. Natural eastern oyster reefs in: (b) FL, B. Hancock, (c) RI, S. 
Brown, (d) FL, A. Birch, and (e) a natural Olympia oyster bed in Canada, M. Beck.

Oysters start life as planktonic larvae before seeking out hard substrate on which to attach permanently  and grow into 
adults. In the case of reef-building species, young oysters preferentially attach to other living oysters or shell, although 
any hard substrate can be colonized. The successive generations of oysters grow on top of one another, forming a 
complex, raised, three-dimensional structured habitat. The eastern oyster is particularly well known for producing a reef-
like structure, which is sometimes described as a temperate analogue to tropical reefs formed by corals. Olympia oysters 
native to the Pacific coast of North America are more easily separated from one another through physical disturbances 
and therefore typically form less massive structures commonly referred to as beds (see Box 1).

There are numerous challenges to delineating the area of an oyster reef or bed. The structure of reefs differs 
substantially depending on the rate of sedimentation, the direction and speed of currents, the nature of the underlying 
substrate, and whether the reefs are subtidal or intertidal (Figure 4). Furthermore, the fractal nature of reefs means 
that the area considered “reef” may differ with the scale considered and the purposes for which an area of reef has 
been defined (Box 1). For further information regarding how to calculate the area of an oyster restoration project, 
please refer to Baggett et al. (2014). 

a b

c d e
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Figure 4: Images of a variety of intertidal and subtidal oyster reefs. (a) FL, A. Birch (b) RI, M. Griffin (c) VA, B. Lusk (d) RI, B. DeAngelis.

Restored oyster reefs
While many oyster restoration projects utilise oyster shell as a substrate in reef building, novel reef substrates are 
increasingly being called upon. Novel substrates include reef balls, rebar framed structures, oyster castles and limestone 
marl, just to name a few (Figure 5). A lack of availability of shell is often a deciding factor in restoration design, but 
increasingly interest in ecosystem services such as coastal protection may also come into play. These are all legitimate 
approaches to oyster reef restoration, however, care must be taken when applying to novel structures the models and 
service estimates outlined in this guide. While estimates of the filtration service will remain unimpacted by substrate 
type, estimates of denitrification and fish production may differ from those presented here. In the case of denitrification 
it is thought that oyster shell surfaces contribute to elevated levels of denitrification. Fish production estimates may also 
initially be lower on alternative substrates, as the structural complexity which benefits juvenile fish and invertebrates may 
be lacking in the early stages of restoration, before a living veneer of oysters is accumulated.

ba

c d
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Figure 5: Artificial substrates used to construct oyster reefs, (a) cement castles VA, B. Hancock, (b) rebar frames TX, C. Smith,  
(c) limestone marl TX, J. Foster, (d) reef balls FL, B. Hancock.

c d

ba
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Box 1: What is meant by an oyster reef or bed?

“Very few people know what is and what constitutes a “natural bed”. Indeed it is only a matter of opinion at the best” 
(Winslow, 1889). 

A comprehensive definition of an oyster reef or bed has challenged biologists for over a century. Yet it is essential to have 
a definition of the habitat, as this determines the objectives and the monitoring required for each restoration project. 
Simplistically, oyster habitat refers to substrates with a veneer of live oysters, with the edge of the habitat defined by the 
density of living oysters, at an appropriate spatial scale.

We provide the following definitions at three different spatial scales. 

Oyster reefs and beds

Oyster reefs and beds are biogenic structures formed by oysters that occur at high densities and provide the 
dominant structural component and significant vertical relief through their accumulated physical structure 
on otherwise unstructured bottom. Beck et al. (2009) identify reefs having significant vertical relief (>0.5m), 
while beds have lower relief (sensu Coen and Grizzle, 2007). Overall such structures are accreting through the 
continuing deposition of shell matter at rates sufficient to keep up with sedimentary dynamics (Mann et al., 
2009) although there is likely to be small-scale (meters) patchiness in oyster cover. In some places it is likely 
that vertical accretion may be restricted by tidal exposure, leaving a non-accreting reef flat.

Oyster reef systems

Oyster reef systems represent a wider ecological network of which reefs and beds are the core structures – in 
many estuaries beds and reefs are found with an apparently natural level of fine-scale patchiness: areas of 
dense growth interspersed with areas of non-oyster substrate at scales of one to tens of metres. These larger 
reef systems may include areas of bare substrate, submerged or intertidal vegetation such as seagrasses, 
mangroves and salt marsh, but with a likely high degree of connectivity with the dominant oyster reefs or beds. 
By contrast, small or isolated oyster beds or reefs may not form part of a reef system. There are parallels with 
coral reef ecology here: many coral reef ecologists include reef flats, lagoons, coral cays and even small areas of 
contiguous seagrass and mangrove within their definitions of coral reef ecosystems, while isolated reef patches 
or bommies may not form part of any larger reef system (Spalding et al., 2001).

Oyster grounds

Oyster grounds encompass the wider community complex of which oyster reefs and beds are clearly important 
parts, but which also may include large areas of sediments, submerged aquatic vegetation and shell rubble. Such 
areas would broadly equate with “fishable areas” and are used here to capture the more generic oyster grounds 
of many historic studies. 

It is critical that the definition used in any restoration project is in line with the expectations of the reporting for 
any funding body. The definitions put forward here are in line with those proposed in Baggett et al. (2014), who 
set out preferred metrics for monitoring restoration efforts. Baggett et al. (2014) should be referred to for further 
information, specifically with regards to minimum densities.  
https://www.conservationgateway.org/ConservationPractices/Marine/Pages/oystermonitoringhandbook.aspx.

https://www.conservationgateway.org/ConservationPractices/Marine/Pages/oystermonitoringhandbook.aspx
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Historic decline
Oyster reefs and beds have been an important feature of estuaries in North America for at least the past 10,000 years, 
since the late Pleistocene. Early European explorers described oyster reefs as navigational hazards, in particular on the 
Atlantic and Gulf coasts where the reef building species Crassostrea virginica is found (see Box 2). 

Pre-colonial inhabitants made extensive use of oysters as both a food and building material and oysters were a dietary 
staple in the early years of European settlement along the coasts of the United States. At first they were abundant 
and easily collected from the shallows and intertidal areas, but harvesting pressure quickly led to declines. Hand 
harvesting was supplemented by the use of boats and long-handled tongs, and as densities declined and accessible 
areas became depleted, this was followed by an increase in mechanical dredging. Dredging allowed the exploitation 
of deeper beds and more remote locations. Without adequate regulation to protect the beds and reefs, their decline 
soon followed (see Box 2, Figure 6). Both living and dead oysters contribute to the growth and persistence of oyster 
reef or bed habitats, therefore the large-scale removal of oysters and shell matter led to a loss of habitat, as well as 
a decline in living individuals. This pattern of over exploitation spread rapidly down the coast of the U.S. away from 
major urban centers (Kirby, 2004). 

Figure 6: The scale of oyster fishing in the early 1900’s. Photos: NOAA National Marine Sanctuaries, Courtesy of National Archives.
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Box 2: The magnificence of oyster reefs before they were impacted

It is challenging to envisage the importance and magnitude of oyster reefs and beds historically, primarily 
because much of the decline has taken place outside of living memory. Fortunately there are a number of 
descriptions of oyster habitat from the early explorers of the U.S. coasts. A handful of examples are given below 
to provide context to the documented declines.

Massachusetts

“[The Oyster] often measures 12 or 15 inches in length, but seldom more than 3 inches in breadth.” (Gould, 1841).

 “In 1637 Thomas Morton, writing of the Plymouth Colony, says: “ There are great stores of oysters in the entrances of 
all rivers; they are not round as those of England, but excellent, fat and all good. I have seen an oyster bank a mile at 
length.” (Brooks et al., 1884)

Virginia

“The abundance of oysters is incredible. There are whole banks of them so that the ships must avoid them. A sloop, 
which was to land us at Kingscreek, struck an oyster bed, where we had to wait about two hours for the tide. They 
surpass those in England by far in size, indeed they are four times as large. I often cut them in two, before I could put 
them into my mouth.”(Michel 1702, translated in Hinke, 1916) 

Florida

“Through many a shallow and barrier, the latter made up of oyster banks, the Caloosahatchee River is ascended” (The 
New York Times, Anon, 1884)

“There is a luxuriant growth of oysters in parts of Biscayne Bay…growing in dense reefs or beds in the open bay, and on 
the roots and submerged limbs of mangroves and other trees along the shore.” (Smith, 1896)

Louisiana

“The shoals and oyster banks extending out to sea between four and five leagues [~30km], and leaving only a very 
narrow and intricate channel” (Dumain, 1832)

Washington

“Natural oyster-beds stretched over a distance of thirty miles in length and from four to seven in width.” (Bancroft, 1890, 
speaking of Willapa Bay in ca.1850)

“Oystering as an industry dates back to the middle of the last century… In those times a much larger area than now was 
covered with natural beds of oysters.” (Bush, 1900)
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While there is little doubt that overexploitation has been the primary driver of decline in oyster abundance throughout 
the U.S., coastal development, water quality degradation, alteration of freshwater flows and oyster disease have also 
contributed to the loss of habitat. The decrease in living biomass of oysters in U.S. estuaries is estimated to be 88% 
over the past 120 years alone (zu Ermgassen et al., 2012), and losses likely greatly exceed this estimate, as many of 
the mapped areas on which this estimate was based were already heavily exploited before the areas were mapped and 
baselines could be established (see Box 3). It is therefore not possible to accurately quantify the original, natural, oyster 
abundance in most bays and estuaries. In particular, we know that exploitation was intense on the north-eastern Atlantic 
from Connecticut to the Chesapeake, and on the West coast spreading out from San Francisco (Box 3; Kirby, 2004). 

Box 3: Oyster reefs were impacted before comprehensive surveys were undertaken

“As man has uprooted the greatest forests, so can he also annihilate the richest oyster beds.” (Moebius, 1883) 

Already at the turn of the century there was extensive evidence of the degraded status of oyster reefs 
throughout much of the U.S.. This was particularly true of the northeastern Atlantic and the Pacific coast. A 
number of historic citations highlight the status of oyster reefs from a number of locations throughout the U.S., 
in some instances as “baseline” surveys were undertaken. 

Massachusetts: “The early settlers of New England continually refer to the abundance of oysters at points where not a 
single oyster can now be found….The oyster beds in these two rivers [Mystic and Charles Rivers] are spoken of by many 
of the early writers, but they are now gone so completely that there is not even a tradition to mark the place where in 
1634, according to Wood, “ the oyster bankes do barre out the bigger ships.”(Brooks, 1884)

New York: “A good instance of this deterioration is found in the famous Saddle Rock beds (area 639 acres) near Great 
Neck, L. I.. Years ago this bed produced large quantities of marketable oysters of excellent quality. The record of my 
recent investigation of the bed shows: “Dredged seventy-five yards, found a roller skate, bottles, ashes, pasteboard, 
refuse, eight large oysters and a peck of small seed.” (Blackford, 1887)

New Jersey: “The natural beds along the coast are numerous and valuable, and they formerly abounded in large, fine 
oysters, but for many years they have furnished scarcely any oysters large enough for food” (Brooks, 1884)

Maryland: “The area of oyster grounds which were formerly productive, but which are now practically barren and 
without the ability to be restocked through natural means, aggregates about 100,000 acres.” (Grave, 1912)

South Carolina: “Many regions appear to have become depleted from overfishing.” (Battle, 1891)

Georgia: “In regard to the condition of the natural oyster beds of the State of Georgia, it was observed that there was a 
general depletion caused by the excessive fishing, and that the nearer the market the more were the beds depleted. In 
fact, the area which I have indicated on the charts as natural oyster beds really include all that area where oysters have 
grown, and practically nothing but shells now remain.” (Drake, 1891)

Louisiana: “Barataria Bay, Jefferson Parish, at one time contained large natural oyster reefs, but these are now extinct, 
as a result of increased salinity after improvement of the levee system.” (Schlesselman, 1955)

Texas: “Galveston bay has a greater area of natural oyster beds than any other bay in Texas, but the reefs are 
not so plentifully supplied with oyster as in some others in the State. This is to some extent due to overfishing.” 
(Stevenson, 1893)

Washington: “The 1870’s ushered in the peak of Oysterville’s prosperity….Then started the decline. A mysterious oyster 
malady, slight at first, began to gain headway, starting in 1881.” (Tompkins, 1932)
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Ecosystem services 
The magnitude of decline of oysters and the habitat they create in many bays is such that restoration to historical 
abundance may not be possible. Moreover it is important to recognize that conditions in many bays and estuaries are 
different now from when oysters were abundant 100 to 200 years ago, so in many settings it may not be ecologically 
or physically possible to restore to historical baselines. An alternative objective for restoration is to focus on restoring 
ecosystem services, and the associated benefits that these services provide to people. 

Ecosystem services arise both as a result of the physical structure of oyster reefs and beds, and from the biological 
processes of living oysters. They include providing fisheries habitat, filtering the water column, enhancing denitrification 
on reef materials and in surrounding sediments, coastal protection, and enhancing benthic biodiversity (Grabowski and 
Peterson, 2007, Coen et al., 2007, Piehler and Smyth, 2011, zu Ermgassen et al., 2013a, zu Ermgassen et al., 2013b). The 
importance of the ecosystem services provided by natural habitats such as oyster reef has been recognized by the Office 
of the President in the recent memorandum directing federal agencies to factor the value ecosystem services into federal 
decision making (Executive Office Memorandum M-16-01, 2015). 

Ecosystem services also provide benefits to people that can be quantified, such as tonnes of additional fish landed, 
increased tourism spending or amenity value resulting from cleaner water, progress towards mandated total 
maximum nitrogen loads through the tonnes of nitrogen removed, or the value of the houses, infrastructure and 
productive natural habitat protected. These benefits have been valued between $5500 and $99,000 per ha per year 
(Grabowski et al., 2012). 

Water clarity 
Oysters are filter-feeding bivalves. Small particles of plankton and non-living matter that are suspended in the water 
(greater than 5 µm in diameter) are filtered by oysters with high efficiency. Selected particles are ingested, while the 
remaining particles are bound together in mucus pellets termed pseudofeces and ejected. These pellets sink and particles 
are thus removed from the water column and deposited on the seafloor. This drawdown of suspended particles through 
the filter feeding activity of oysters (and other fauna associated with an oyster reef) can lead to enhanced water clarity, 
which results in greater penetration of sunlight through the water to the sea bed, with the potential of facilitating 
improved growth of submerged aquatic vegetation (Wall et al., 2008) and oxygen supply. Improved water clarity and 
ecological function may lead to increased recreational activities which in turn lead to improved property values and other 
flow on economic benefits.

Nitrogen removal
The production of waste matter by oysters results in biodeposits that include both feces and the pseudofecal pellets. 
This organic material enriches the bottom sediments nearby, increasing the amount of organic nitrogen and altering the 
microbial community (Richardson et al., 2008). One important outcome is that rates of bacterially driven nitrogen removal 
- denitrification - can be greatly enhanced in the sediments (Newell, 2004, Newell et al., 2005, Kellogg et al., 2011). 

Denitrification is a process by which organic nitrogen is transformed into inert nitrogen gas by bacteria, effectively 
removing “reactive” or biologically available nitrogen from the system. This inert nitrogen diffuses harmlessly back 
into the atmosphere from coastal waters, re-joining the inert nitrogen that comprises 78% of the air we breathe. 
Given that reactive nitrogen from anthropogenic sources – fertilizer runoff and wastewater from urban and suburban 
areas, atmospheric deposition from burning fossil fuel, etc. - is a major driver of eutrophication and low oxygen levels 
in many U.S. estuaries, this service could become one of considerable monetary value (Grabowski et al. 2012). The 
amount of denitrification that occurs depends on a number of factors, including the overall biomass of oysters on a 
reef, and the structure of the reef itself. The factors affecting the rate of denitrification are not yet understood well 
enough to confidently predict the amount of nitrogen that would be removed by a unit area of oyster habitat in a given 
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bay or estuary. Consequently it is not possible to set objectives for the desired level of denitrification from restored 
oyster habitat at this time, though this is an active field of research with one aim being to achieve this outcome 
(Kellogg et al. 2014).

The biodeposition of feces and pseudofeces by oysters also enhances the draw-down of organic matter to the sediments. 
These deposits can in turn become buried, also increasing storage of nitrogen from the water column. Enhanced rates 
of burial of organic matter is not the only way in which oysters lock up and reduce the availability of biologically active 
nitrogen. Oysters also assimilate nitrogen into their shells and tissues as they grow. Both burial and assimilation of 
nitrogen may be enhanced by enhancing oyster densities. The degree to which sediments remain buried, however, varies 
locally with currents and is therefore challenging to quantify across space and time.

Non-oyster fishery enhancement
Oyster reefs and beds typically have vertical relief and a higher structural complexity than the surrounding seafloor 
(see definitions in Box 1), and as such provide valuable habitat for juvenile fish and crustaceans (Figure 7). Numerous 
studies have shown that restored oyster reef supports higher densities of juvenile fish and crustaceans than 
unrestored sites (Tolley and Volety, 2005, Stunz et al., 2010). Juvenile fish benefit from the higher habitat complexity, 
which reduces predation and increases prey density (Boesch and Turner, 1984). There have been significant losses 
of complex habitat in estuaries worldwide (Waycott et al., 2009, Airoldi and Beck, 2007), therefore restoration may 
have a substantial impact, increasing not only the abundance, but also the diversity of associated fish and benthic 
fauna (e.g. Tolley and Volety, 2005, Shervette and Gelwick, 2008). The increase in fish abundance and diversity can 
have a direct impact on commercial non-oyster fisheries landings and revenues as well as enhancing the value of 
recreational fishing activity.

Figure 7: Juvenile fish utilizing oyster reef, B. DeAngelis.
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Coastal protection
Three-dimensional structures arrayed along shorelines in shallow areas can provide coastal protection – attenuating 
waves, reducing coastal erosion, and encouraging accretion of sediments along adjacent vegetated habitats (Figure 
8)(Borsje et al., 2011). Oyster reefs have been shown to have this effect in a number of locations (Piazza et al., 2005, 
Scyphers et al., 2011). While the provision of this service may be variable from location to location and with changes 
in reef structure (Stricklin et al., 2010, Scyphers et al., 2011, Meyer et al., 1997), oyster reefs play a critical shoreline 
protection role in some systems. The coastal protection capacity of oyster reefs has been described as an alternative 
to fully engineered solutions such as bulkheads (see CoastalResilience.org) or as an additional risk reduction factor in 
conjunction with engineered solutions. Natural solutions may have lower installation or maintenance costs versus that 
of engineered alternatives. Additionally, oyster reefs may provide a suite of other ecosystem services in addition to 
shoreline protection. Restored oyster reefs have been valued as high as $278,000 to $2.3 million (USD 2012) per mile 
from fish production and shoreline protection alone (Kroeger and Guannel, 2014).

Figure 8: Oyster reef constructed to reverse erosion and promote sediment deposition and marsh growth, B. Hancock.

http://CoastalResilience.org
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Other ecosystem services
Increased biodiversity is a common conservation objective. Oyster reefs support a higher biodiversity of 
invertebrates and fish than surrounding unstructured habitats (e.g. Rodney and Paynter, 2006). This is primarily 
because small animals benefit from the three-dimensional structure provided by the oyster shells, either by 
avoiding predators, or because they form a surface to attach to (Tolley and Volety, 2005, Gedan et al., 2014). The 
biodepostion by oysters enriches the surrounding sediments with organic matter and also provides an abundant 
food source to a host of important prey species, further enhancing the biodiversity supported by this habitat. 
Increased fish production is a valuable service that can be viewed as a sub-set of the increased biodiversity and 
increased biomass associated with oyster reefs.

Oysters have been a significant feature of coastal communities for millennia. As such, the culture associated with 
harvesting and consumption of oysters is deeply rooted and highly valued. While it is challenging to quantify services 
such as cultural value, it is important that these values are recognized.

Finally, harvesting of the oysters themselves has been a valuable social and economic component of many coastal 
communities (Figure 9). The global decline in oyster stocks highlights the difficulty in managing the resource 
sustainability and there has been a consequent decrease in the number of fishers and the contribution of oyster 
harvest to local economies. In the future managing oyster resources will involve ensuring the sustainability of the 
fished component of the resource, as well as managing for re-building the other ecosystem services on behalf of the 
sections of the community that rely on them.

Figure 9: Traditional oyster harvest using tongs. Photo: NOAA National Marine Sanctuaries. Courtesy of National Archives.
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Chapter 3: Setting Ecosystem Service Objectives

Revising the role of historic abundance in setting objectives
Given that the roots of habitat restoration lie in regaining habitats that have become lost or degraded, restoring the full 
or a proportion of the historic extent is frequently a cited aim of restoration efforts. We caution against the sole use 
of historic extent in setting restoration objectives. Conditions within the bay or estuary may no longer be conducive 
to supporting the full historic extent of oyster reef habitat. The interaction between coastal user groups and oyster 
reef is also likely to have changed over time. Historic extent can, nevertheless, play an important role in a) informing 
stakeholders about the potential of the system and, b) setting restoration into an ecological and historical context. When 
considering historic data as one element in restoration decision-making one should be aware that the known baseline 
may be shifted (see Boxes 3 and 4). A lack of quantitative historic data should not preclude restoration.

Box 4: Shifted baselines

Human exploitation of coastal seas has a long history, as evidenced by middens and other archaeological sites 
(Rick and Erlandson, 2009). From studies of such sites it is clear that exploitation may have impacted shellfish 
habitats long before modern extraction techniques. As the seas were generally historically viewed as being 
too vast to impact, and the resources were therefore also considered to be limitless, no surveys were made of 
marine resources until the 1800’s, when it became clear that exploitation was indeed impacting supply. As a 
result there are virtually no quantitative baseline data for pristine marine and coastal systems (Roberts, 2007). 
Under these circumstances it is important to be aware of the risk of assessing all subsequent change relative to 
a shifted baseline. The shifting baseline syndrome refers to situations when assessments of change are made 
relative to a baseline that may itself represent substantial change from pristine. Shifting baselines are frequently 
encountered in fisheries due to the late start in collecting relevant biological data. Even quantitative baselines 
should therefore be utilized with caution and an understanding of the limitations the baseline presents. 

In the case of oysters, early surveys represent perhaps the best historic record of any marine habitat (zu 
Ermgassen et al., 2012). The available records, however, are not complete, nor do they represent habitat at a 
universal stage of exploitation. As the overexploitation of oysters appeared to spread down the coasts away 
from major urban centers (Kirby, 2004), estuaries in the northeastern U.S. and near San Francisco on the West 
coast in particular clearly represent an already shifted baseline (zu Ermgassen et al., 2012). This is because the 
oyster populations were heavily exploited at the time the surveys were undertaken. Care should therefore be 
taken in interpreting the historic data available in these estuaries.

While objectives based purely on historic extent should be avoided, objectives may be set on the basis of ecosystem 
service provision, but reporting could include the proportion of historic extent restored. This can be a useful messaging 
tool, and can set the aims of restoration into context. 
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Restoring for improved ecosystem services
Recovery of ecosystem services is now a primary motivation for many oyster reef restoration projects. While the historic 
decline can inform the need and the potential for restoration (Lipcius et al. 2015 ), the goal of the restoration project 
should ideally reflect its aims as communicated to the stakeholder groups involved. By setting goals based on the 
ecosystem services stakeholders are seeking to regain, an open and honest dialogue can be maintained throughout. 

The following chapters outline the methods for setting estuary-scale restoration objectives on the basis of the ecosystem 
services; water filtration, non-oyster fisheries. The logic for using nitrogen removal is presented and although shoreline 
protection tends to be focused on an adjacent stretch of shoreline rather than at the estuary scale, an introduction to this 
important service is also included. 

The models set out in the following chapters represent a realistic, but not guaranteed level of ecosystem service 
provision. A number of factors may either positively or negatively affect the true values at any given site. 

Photo: Intertidal oyster reef, Florida, A. Birch. 
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Chapter 4: Stakeholder Engagement

Determining what is of importance to stakeholders
The motivation to restore oyster reefs may arise from any of the many potential benefits oyster reefs provide 
(see Chapter 2). In order to select an appropriate restoration objective, it is necessary first to identify the relevant 
stakeholders in the restoration site, and to determine which of the numerous services are of greatest importance to them. 

The success of restoration projects is heavily dependent on gaining and maintaining the support of stakeholders. It is 
therefore important to provide the opportunity for stakeholders to communicate effectively what they hope to gain from 
restoration before the start of the restoration activity and ideally from its very conception. The provision of ecosystem 
services may vary spatially and with the design of the restoration project, therefore early engagement can allow for 
stakeholder engagement to feed into restoration design and implementation. In order to maintain the support of 
stakeholders, it is important that the status of the restoration project, both generally and with respect to the ecosystem 
service(s) of interest, is reported back to them throughout the restoration and monitoring process. Some further 
guidance on stakeholder engagement is outlined in Brumbaugh et al. (2006) and Leonard and Macfarlane (2011).

The following chapter provides information on low-cost methods for identifying stakeholders and understanding which 
ecosystem services matter most to them.

Stakeholder engagement: Identifying ecosystem service benefits
Stakeholder engagement goes beyond simply asking stakeholders about their preferences and concerns. Stakeholder 
engagement also encompasses understanding the socio-cultural context and building relationships with communities. 
Engaging stakeholders early in the process has several important advantages, including reducing conflict and increasing 
support for restoration projects. The NOAA Coastal Services Center report, Introduction to Stakeholder Participation 
(2007), succinctly highlights a full suite of reasons why engaging communities before beginning a restoration project 
makes sense:

• Produce better outcomes or decisions

• Garner public support for agencies and their decisions

• Bring to light important local knowledge about natural resources

• Increase public understanding of natural resource issues or management decisions

• Reduce or resolve conflicts between stakeholders

• Increase compliance with natural resource laws and regulations

• Help agencies understand flaws in existing management strategies

• Create new relationships among stakeholders 

Source: NOAA Coastal Services Center 2007

If resources are available, it is often worthwhile to conduct a more in-depth analysis of the degree of stakeholder 
support in the region surrounding the upcoming restoration project. This is particularly true for large-scale restoration 
projects, restoration projects with potential negative impacts on certain stakeholder groups, and/or restoration 
projects that have the potential to be politically controversial. The NOAA Coastal Services Center report (2007) 
provides valuable information on identifying and analyzing stakeholders and Chapter 3 of The Nature Conservancy’s 
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guidebook on Strengthening the Social Impacts of Sustainable Landscapes Programs (Wongbusarakum et al., 2014) is 
also a good reference for engaging stakeholders. Although aimed at indigenous communities in developing countries, 
most of the process is still relevant to the U.S., particularly when working with communities that are relatively 
dependent upon natural resources.

Rapid Stakeholder Assessment
If resources are scarce and time constraints exist, it is worth conducting a rapid stakeholder assessment. Although the 
intent of a rapid stakeholder assessment is to be efficient and low-cost, we recommend that you allow for at least two to 
three months to conduct the analysis. The goal of the assessment is twofold, 1) understanding how stakeholder groups 
interact with natural systems in the region, particularly those aspects of the natural system that will be improved by the 
restoration project, so that we can engage these stakeholders to gain support for a given issue, and 2) to better match 
conservation objectives with community needs. Guidelines for conducting a rapid stakeholder assessment have been 
adapted from Schuster and Doerr (2015).

To conduct a rapid stakeholder assessment for a given ecological restoration project, follow these simple steps:

1. Convene an interdisciplinary work group which represents a variety of areas of expertise, such as ecology, 
fisheries management, hydrology, economics, political science and engineering.

2. Define the geographic boundaries and scale of interest. This will vary depending upon biophysical aspects of the 
restoration project, hydrology, jurisdiction, and location of stakeholders who are benefiting or impacted by the 
project. Examples include a municipality or multiple municipalities, county, watershed, or estuary.

3. List the ecosystem service benefits that will result from the upcoming restoration/protection project(s). Consult 
with the interdisciplinary work group to determine which benefits are most likely. 

4. List all relevant stakeholders to the project, including beneficiaries and those who may be impacted negatively, 
and those who have the power to influence the success or failure of the project.

5. Determine the relative importance of each ecosystem service benefit, based upon expected number of 
beneficiaries and magnitude of benefit.

6. Understand and be able to effectively communicate potential trade-offs in ecosystem service delivery.

A rapid assessment will not answer all relevant questions, but can help to highlight information and knowledge or data 
gaps, as well as to establish next steps. Note that while steps one through six are listed sequentially, the process is 
iterative and may involve circling back to previous steps as additional information is gained. Also note that while many 
of the steps of the rapid assessment are focused on the project scale, the assessment can also be applied to the estuary 
scale (defining the geography of interest takes place in step two).

When listing expected ecosystem service benefits for a project, it is recommended to list all potential benefits from the 
full project, not just those directly resulting from the oyster reef restoration. For instance, the full project budget for an 
oyster restoration project may also include renovations to a marina, or construction of an education center or boat ramp. 
It is advantageous to list the full suite of benefits that may result from the upcoming restoration project for two reasons, 
first because it will lead to more effective stakeholder engagement, and second, because the multiple benefits from a 
project can often enable you to access additional funding. 

The most efficient way to collect information about stakeholder preferences and perspectives on ecosystem 
service benefits can be through a combination of a desktop analysis and expert and key informant interviews and/
or focus groups. This can be done through professionally facilitated meetings or through smaller informal meetings 
and discussion groups. Doing so not only helps to identify the desired outcomes, it also helps identify factors that 
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stakeholders are likely to support, likely to oppose, or have a particular interest in influencing in the restoration project. 
Stakeholders may for instance include any number of individuals (homeowners, voters, tourists, etc.); federal, state or 
local government officials; non-profit organizations; or business owners. We expect each of these stakeholder groups will 
have different needs, values and risks which they are facing and thus, they are likely to have different priorities in terms 
of key ecosystem service benefits of interest.

Background research to answer the questions in the rapid stakeholder assessment can include but is not limited to: 

• Reviewing organizational websites from local groups, 

• Searching for relevant reports and grey literature, 

• Reading relevant newspaper articles, 

• Reviewing data from the region (for instance, USDA Agricultural census data or agricultural statistics which are 
provided by state and by county, US Census data, GIS data or NOAA storm surge data), 

• Reviewing published academic articles when available and relevant to the local context and conditions. These 
are especially useful when they contain survey data from your geography of interest, and 

• Accessing GIS data layers.

Next, proceed with key informant interviews. Key informants are individuals in a community who are knowledgeable 
about the community or a specific stakeholder group. Key informants may include governmental officials, business 
owners, extension agents, non-profit leaders, health care employees, residents, or religious groups, among others. Key 
informants can either be identified through the background research or through word of mouth. It is recommended 
to set a predetermined list of eligibility criteria, such as a minimum number of years living in the region, criteria on 
certain areas of expertise, or demonstration of other relevant characteristics. Unlike surveys, these interviews can be 
fairly unstructured, without a formal list of questions. Nonetheless, it helps to identify a small list of informal questions 
through background research before beginning. One important question to ask is always, “Who else would you 
recommend that I interview on this subject?” Social scientists refer to this as snowball sampling, where each interview 
leads to more contacts and more interviews. 

If time permits, focus groups can be an additional source of information on a community or issue. A focus group consists 
of approximately 6-12 individuals. The focus group may include individuals from the same stakeholder group or may 
include a diverse mix of stakeholders, depending upon the specific research questions. Focus groups are an efficient way 
of gaining additional information because it allows a researcher to obtain answers from multiple individuals in a single 
setting. Focus groups can also be useful because the cross-dialogue can inspire additional conversation. However, focus 
groups are not recommended in situations where the subject matter is controversial or sensitive and could result in 
privacy concerns. 

If you intend to conduct multiple interviews, lead focus groups, or implement surveys during the stakeholder engagement 
phase, first determine if your institution or funder has a standard operating procedure and approval process regarding 
research involving human subjects. Typically, the researcher must submit a proposal to their institution’s human subject 
review committee. The committee is designed to ensure proper respect and ethics related to those who are being asked 
to participate. 
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Implementing the results of a rapid stakeholder assessment
In summary, stakeholder engagement can lead to more successful projects and a rapid stakeholder assessment 
is the first step to good stakeholder engagement. The rapid stakeholder assessment process itself also can serve 
as stakeholder engagement. When stakeholders are interviewed, they are more likely to feel that their voice has 
been heard and thus, the interview process itself can lead to greater buy-in for the project. The rapid stakeholder 
assessment may help in early identification of potential conflicts. And in the context of setting objectives for an oyster 
reef restoration project, a rapid stakeholder assessment can help the project manager to understand and prioritize 
potential benefits from restoration that resonate most with stakeholders. 

Photo: Intertidal oyster reef, Florida, A. Birch. 
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Chapter 5: Water Clarity

Oysters are filter feeding bivalves. Like most bivalves, they draw in a current of water by beating a series of small hairs, 
or cilia, along their gills, which they then use to sort particles encountered in the water column. Particles are efficiently 
sorted by the cilia and either passed to the mouth or bound in mucus and expelled as pseudofeces. By removing small 
particles from the water column and ejecting them as larger biodeposits (feces or pseudofeces) oysters can improve 
water clarity (Wall et al., 2011). The volume of water cleared by an oyster is determined by the species (Moehlenberg and 
Riisgaard, 1979), the size of the oyster (Gerdes, 1983), the temperature (Haure et al., 1998), the sediment load (Barille 
et al., 1997), and salinity (Hutchinson and Hawkins, 1992). The potential for oyster filtration to have a marked effect 
on water clarity is therefore dependent both on the abundance of oysters and on local conditions. This relationship is 
independent of whether an oyster is in an aquaculture setting or a natural reef.

Figure 10: Oysters in a semi enclosed system, M. Dumesnil.

Water filtration can be calculated online!
http://oceanwealth.org/resources/oyster-calculator/
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The eastern oyster
Numerous equations quantifying the volume of water filtered by an oyster per unit time have been derived for the 
eastern oyster (e.g. Haven and Morales-Alamo, 1970, Tenore and Dunstan, 1973, Riisgaard, 1988). Few of these, however, 
have been verified in the field. Adapting laboratory estimates of filtration to the field can be very challenging, as a large 
number of variables can influence the rate of filtration. Laboratory measurements may furthermore not reflect filtration 
in situ; oyster populations may spend a different proportion of time with their valves shut, there is the potential for 
synergistic population-level influences and re-filtration, and physical attributes of the reef may influence flow dynamics 
and hence the uptake of particles (Dame et al., 1984, Harsh and Luckenbach, 1999). We therefore recommend that for 
eastern oysters, practitioners use the equation derived by zu Ermgassen et al. (2013a), which is fitted to data collected 
on oyster reefs in situ. Equation 1 (below) can be used to estimate the volume of water filtered by eastern oysters under 
known water temperature conditions and where the mean mass and density of oysters is known. Where oyster lengths 
are known, they can be converted to mass using the conversions outlined in Appendix 2, or by determining site specific 
length-dry tissue mass conversions as outlined in Baggett et al. (2014). 

Equation 1

Filtration rate of the eastern oyster: 

Filtration rate 

where N is the density of oysters per m2, W is the dry tissue weight in g and T is temperature in °C.

Estimating population level filtration
Population level filtration can be estimated with as little information as mean oyster size, density and water temperature. 
Where oyster population size class and density information is available, more accurate estimates of the volume of water 
filtered per unit time can be determined by deriving size class specific estimates using equation 1, and summing the total 
volume filtered. A worked example is given below. For details on how best to determine the oyster population metrics 
necessary to estimate population level filtration see Baggett et al. (2014).

Photo: Subtidal oysters, Texas. M. Dumesnil’. 
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Case Study: Estimating population level filtration 

Great Bay, New Hampshire.

Recent mapping efforts in Great Bay New Hampshire identified 87ha of oyster reefs with a mean density of 287 oysters 
per m2 and an average size of 55mm shell height (SH) (Grizzle and Brodeur, 2004, Grizzle and Ward, 2009). The shell 
height to biomass conversion with the nearest geographical location is 0.00003 x SH2.45 (Bushek et al. unpublished data) 
from Delaware Bay, NJ (Appendix 2). The mean June water temperature in Great Bay is 18.2°C, as recorded by the National 
Estuarine Research Reserve network. The population level filtration rate in June can therefore be calculated as follows.

The mean dry tissue mass of each oyster is equal to 0.00003x552.45 =0.55g

Therefore filtration per m2 per hour is approximately: 

 
= 509 litres per m2 per hour

Or, for 87ha (870,000m2) = 509 x 870,000 = 4.43 x 108 litres per hour

Figure 11: Restored oysters, Great Bay, NH. R. Konisky.

Setting objectives based on filtration
Restoration objectives can be set on a number of scales. Using equation 1 it is possible to estimate the volume of water 
filtered by an existing or planned restoration project, as long as the actual or expected oyster density, size and water 
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temperature is known in addition to the area of oyster reef restored. A small-scale objective can be established with the 
aim of restoring an oyster population capable of filtering a given volume of water at a given time of year. The influence of 
filtration is often localized, and this may therefore be an appropriate small scale goal.

Water temperature has a strong influence on filtration rate. The appropriate seasonal temperature should therefore be 
used in this calculation. Mean monthly water temperatures representative of large bay units can be found in Appendix 
1. Water temperature can, however, vary substantially within an estuary and at varying depths. Where possible 
temperature at the restoration site should be used to derive estimates of volume filtered.

Larger-scale objectives can be set on the basis of achieving full estuary filtration (see below for details). This could form 
the long-term objective for many smaller restoration projects, or may be appropriate for smaller restoration efforts in 
more contained settings such as a creek. Estimating the degree of restoration necessary to achieve full estuary filtration 
relies on knowledge of the residence time of the water in the estuary. Where the relevant data are known, it is possible 
to derive your own estimate of residence time at the scale most appropriate to you, using the methodology outlined in  
http://ccrm.vims.edu/research/water_sediments/tidal_flushing/TidFlush_final.pdf. Residence times of whole estuaries can be 
found in Appendix 1 or Bricker et al. 2007.

Full estuary filtration as an objective
Full estuary filtration is defined as “filtering a volume equivalent to or larger than the entire estuary volume within the 
residence time of the water”. Eastern oyster populations were historically capable of achieving full estuary filtration 
throughout much of their range (zu Ermgassen et al., 2013a). Full estuary filtration does not actually equate to complete 
filtration of all estuarine waters as this rough calculation assumes that the estuary is perfectly mixed, which is never the 
case. Furthermore, it does not account for phytoplankton production. Full estuary filtration nevertheless provides a useful 
indicator of the rate of filtration relative to tidal exchange, which in turn is an indicator of the potential for filtration to have 
a large-scale impact on the ecology of the estuary (Smaal and Prins, 1993, Dame, 2011). It should be noted that increasing 
oyster populations to the point at which they achieve full estuary filtration is unlikely to resolve the water quality concerns 
of many U.S. estuaries on its own (Cerco and Noel, 2007), but could meaningfully contribute to a system wide approach. 

Figure 12: Theoretical relationship between the residence time, clearance time and full estuary filtration.

http://ccrm.vims.edu/research/water_sediments/tidal_flushing/TidFlush_final.pdf
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Restoring the oyster population to once again achieve full estuary filtration may represent a suitable long-term large-scale 
objective in many estuaries. To determine the area and density of oysters required to achieve full estuary filtration, the rate 
of filtration required on the estuary scale must be calculated. This is estimated by assuming a well-mixed estuary, then by 
dividing the estuary volume by the residence time. Residence time is usually reported in days. This calculation therefore 
yields the total volume that needs to be filtered within a 24 hour period in order to achieve full estuary filtration. This volume 
can be achieved by a) increasing the area of oyster reef, b) increasing the density of oysters in existing areas or c) increasing 
the mean size of oysters. Options a and b will yield far greater returns as regards total filtration than option c. 

The volume of water that passes through (is filtered by) oysters does not equal the volume of water cleared of particles. 
Oysters do not filter efficiently across all size classes of particle, and their efficiency can vary under suboptimal 
conditions, such as high sediment loads. As the filtration rate in equation 1 was derived from the volume of water cleared 
in situ it can, nevertheless be used as an estimate of the potential volume of water cleared. It should be considered that 
particles may become resuspended by water movement and wave action so it cannot be assumed that full estuary 
filtration will result in clear water across the whole of the bay or estuary. This approach nevertheless provides a 
conceptual framework for estimating when a system-wide effect may be expected, and hence how much restoration may 
be necessary to see large-scale impacts on water clarity.

To set an objective, one can use either the known or expected density of oysters on the restored site to calculate the 
volume filtered per unit area, then divide the total volume of the estuary by the calculated volume filtered per unit area to 
get an estimate of the required area of restoration. Or one can assume a fixed area of oyster reef and determine what the 
target density should be in order to achieve full estuary filtration. A worked example is given below. 

Case Study: Setting objectives based on filtration

Matagorda Bay, Texas

Historically Matagorda Bay was home to around 16,679ha of oyster reef with a mean density of 58 oysters m-2. Current 
estimates suggest that only 2,229ha remain with an average density of 5 oysters m-2 (zu Ermgassen et al., 2012, zu Ermgassen 
et al., 2013a). Using equation 1, it was determined that the population was historically capable of filtering fifty times the volume 
of the estuary (1.6 x 109 m3) within the estuary’s 38 day residence time during summer months (zu Ermgassen et al., 2013a). 
In other words, the historic population was more than ample to achieve full estuary filtration. The current population has the 
capacity to filter only around one third of the estuary’s volume within its residence time. Full estuary filtration may therefore be 
a suitable long-term restoration objective in this case.

In order to determine how much restoration may be necessary to achieve full estuary filtration, the following steps must 
be taken and the following data are required for the calculation:

Estuary related data:

Data type Value Unit Reference
Estuary volume 1572150 1000xm3 (Bricker et al., 2007)
Estuary residence time 38 days (Bricker et al., 2007)
Mean summer temperature* 30.7 °C NOAA

*NB. The temperature does not need to be mean summer temperature, but should be selected based on when the 
stakeholders most value the filtration service. This is being used for illustrative purposes only.
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Oyster data:

Data type Value Unit Reference
Extent of oyster habitat 2229 ha (zu Ermgassen et al., 2012)
Mean oyster density -market 1 Ind m-2 TPWD dredge survey data *
Mean oyster density –sub-legal 4 Ind m-2 TPWD dredge survey data *
Mean oyster size- market 94 mm zu Ermgassen et al., 2012)
Mean oyster size- sub-legal 45 mm zu Ermgassen et al., 2012)

* Dredge survey data examined and a 15% dredge efficiency applied to give an estimate of current oyster abundance.

A shell height (SH) to biomass relationship is also needed. In this case, the relationship drawn from the nearest 
geographical location available in the literature is:

W  = (SH /101.846)(1/0.258)  (Beseres Pollack et al., 2011)

For mean market size oysters of 
 

For mean sub-legal size oysters of  

7. The current filtration capacity of the population must be derived as outlined in “Estimating population level 
filtration”. In Matagorda Bay, we have data relating to two size classes, this is calculated as follows:  

 
                       

8. Therefore the volume filtered by the current oyster population = 4.99x108 litres per hour

9. The volume of the estuary is divided by the residence time, and adjustments to the unit must be made in 
order to make the figures from step 1 and 2 comparable. In this case, the estuary volume is 1.57 x 1012 litres, 
therefore assuming a residence time of 38 days, 4.14 x 1010 litres would have to be filtered a day, or 1.72 x109 
litres per hour.

10. Subtract the values derived in step 1 from step 2 to determine the “missing” filtration. In this case 1.72 x109 – 
0.499x109 = 1.22x109.

11. Determine how many oysters of mean size are required to filter the missing volume. This number of oysters 
is the “objective”. The mean size of oysters in Matagorda is currently 54mm, therefore one oyster in summer 
months filters  = 3.97 litres per hour. Therefore 1.22x109/3.97=3.1x108 additional oysters are needed in the 
estuary to approach full estuary filtration.

12. The required number of oysters can be achieved either by increasing the area of oyster reefs, by increasing 
the density of oysters on existing reefs, or both. The objective should therefore be reported as both an area 
and a target density. In the case of Matagorda Bay one objective statement would be: 2049ha (5063acres) of 
oyster reef with an average density of 15 oysters m-2.
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The Olympia oyster
The Olympia oyster is morphologically and physiologically distinct from the eastern oyster (Kellogg, 1915, Elsey, 1935). 
It is also less well studied. Estimates of Olympia oyster filtration rates have yet to be derived in the field. We therefore 
suggest that filtration by Olympia oyster populations be derived based on the only currently published laboratory derived 
filtration rate (zu Ermgassen et al., 2013b). Equation 2 (below) can be used to estimate the volume of water filtered by an 
Olympia oyster under known water temperature conditions and where the mean mass and density of oysters is known. 
Where oyster lengths are known, they can be converted to mass using the shell height (SH) to dry tissue weight (DTW) 
conversion as follows DTW=6 x 10-6 SH3.06 (M. Gray unpublished data cited in Blake and zu Ermgassen, 2015). 

Equation 2

Filtration rate of the Olympia oyster:

Filtration rate   

where N is the density of oysters per m2, W is dry tissue weight in g and T is temperature in °C.

Figure 13: Olympia oysters in BC, Canada. M. Beck.

Estimating population level filtration
As for the eastern oyster, population level filtration can be estimated using equation 2 with as little information as mean 
oyster size, density and water temperature. Where oyster population size class and density information is available, 
more accurate estimates of the volume of water filtered per unit time can be determined by deriving size class specific 
estimates using equation 2, and summing the total volume filtered. For details regarding how best to determine the 
oyster population metrics necessary to estimate population level filtration see Baggett et al. (2014).

Water filtration can be calculated online!
http://oceanwealth.org/resources/oyster-calculator/



Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide   |   35

Setting objectives based on filtration
While the Olympia oyster was historically much more abundant than present (zu Ermgassen et al., 2012), it is 
unlikely that it played a significant role in filtering a substantial fraction of the particulate material from the water 
or controlling phytoplankton production at an estuary-wide scale in many west coast estuaries (zu Ermgassen et al., 
2013b). This is primarily a product of the low water temperatures and low residence times typical of Pacific coast 
estuaries. Unlike for the eastern oyster, full estuary filtration is therefore not a widely applicable long-term, large-
scale objective (zu Ermgassen et al., 2013b). The approach may have merit at smaller scales, e.g. sub-estuaries 
within Puget Sound. Restoring Olympia oyster beds may also result in significant local impacts on sea grasses 
(Smith et al., 2009, Wall et al., 2008, Booth and Heck Jr., 2009), or in high residence time west coast locations 
within estuaries (Banas et al., 2007, zu Ermgassen et al., 2013b). Establishing objectives on the basis of these 
site-based benefits is challenging, since the local flow rate, direction and sediment load all influence the impact 
of filtration on a local scale. Nevertheless, in smaller embayments or where flow rate, direction and water depth 
are known, it may be possible to inform objective setting by calculating the filtration rate required to process the 
volume of water passing over the reef. This can be done by using the flow rate and water depth to determine the 
volume of water passing over the oyster reef in a given unit of time, and then determining what density and size 
class of oysters would be necessary to filter the equivalent volume of water in that same unit of time. Alternatively, 
objectives may be set simply by determining what volume of water can be expected to be processed by a given area 
and density of oysters.

Photo: Olympia oysters in BC, Canada. M. Beck
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Chapter 6: Nitrogen Removal 

Restored oyster reefs have been shown to result in a positive net effect on the removal and retention of biologically 
active nitrogen relative to unrestored sites. As biologically active nitrogen is a major contributor to turbidity, removal 
of nitrogen from the system often yields water quality benefits. The nitrogen (N) is removed via three pathways (see 
Figure 14). The first of these is through assimilation of N in the shell and tissues of the oysters and associated biota, 
the second is through the enhanced burial of N into the sediments surrounding oyster reefs, and the third is through 
the enhancement of biochemical pathways, in particular microbe mediated denitrification. Each of these pathways 
may be locally important. Estimates of net nitrogen removal and retention should take each of these pathways into 
account, however, only denitrification definitively and permanently removes biologically active nitrogen from the 
system. Nevertheless, all three pathways should be considered when estimating net nitrogen removal resulting from 
oyster restoration.

Quantifying nitrogen assimilation in tissues
Nitrogen from phytoplankton is assimilated into the shell and soft tissue of oysters as they grow. By promoting their 
growth through restoration, it is therefore possible to enhance the storage of N in the oysters themselves. Oyster 
reefs also support a host of other species, each of which similarly assimilate N into their tissues. In one study in the 
Choptank River, MD, restoration was found to enhance the standing stock of N by 95g N m-2 (Kellogg et al., 2013). The 
degree of enhancement varies, however, with oyster density and size and with the composition and abundance of the 
associated community.

The concentration of N in eastern oyster tissues remains relatively constant at around 9% of the dry tissue weight even 
where environmental N concentrations vary (Carmichael et al., 2012a). N concentrations in shell range between 0.2-
0.26% of shell weight (Kellogg et al., 2014). Both tissue and shell N concentrations have been found to be higher in the 
Gulf of Mexico compared to the Atlantic coast, and concentrations may also vary with oyster size (Kellogg et al., 2014). 
We are unaware of any similar estimates for N content of Olympia oyster shell or tissues. 

While harvesting the oysters permanently removes the assimilated N from the estuary, this is not recommended as it 
significantly reduces the longevity of the reef and the potential for restoration success, as well as reduces the delivery of 
other key ecosystem services (Grabowski et al., 2012). Furthermore, harvesting wild oysters from reefs is likely to reduce 
the N removal via the two other oyster-enhanced pathways. Where oyster aquaculture is a significant use of a bay or 
estuary, removal of N in soft tissue and shell via harvest may be considerable.

Quantifying nitrogen burial
Oysters are filter-feeding bivalves that generate biodeposits (feces and pseudofeces) that settle on the bottom, 
concentrating organic matter in the vicinity of the reef and resulting in sediments that are relatively rich in N. In the 
absence of resuspension of these sediments, some of these deposits and their associated N may become buried. The 
rates of burial and which factors affect it are currently unknown. Once buried, the permanence of burial is also unknown, 
as passing storm events can resuspend sediments at depth. Nevertheless, it is possible that burial by oyster reefs may be 
a locally important nitrogen sink.
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Quantifying nitrogen removal by denitrification
Oyster reefs modify biogeochemical cycles by concentrating organic matter from the water column around the reef 
system (Kellogg et al., 2013). Denitrification, the microbially mediated conversion of biologically active nitrogen into inert 
dinitrogen gas, is one such process (See Figure 14). Denitrification results in the permanent removal of nitrogen from the 
water body and is therefore a highly desirable process in today’s often eutrophic estuaries.

Figure 14: Nitrogen cycling on oyster reefs. Adapted from: Newell et al. (2005) and reproduced with the kind permission of L. Kellogg.

Our understanding of the role of marine and estuarine habitats in enhancing denitrification is evolving rapidly. It is now 
well established that oyster reefs enhance rates of denitrification in situ (Piehler and Smyth, 2011, Kellogg et al., 2013, 
Smyth et al., 2013). Indeed, some of the highest recorded values have been made in subtidal oyster reefs (Kellogg et al., 
2013), and oyster reefs have been shown to stimulate higher rates of denitrification than other coastal habitats (Piehler 
and Smyth, 2011). Denitrification around intertidal oyster reefs in North Carolina have been measured to be 14-96µM N 
m-2 h-1 higher than background rates (Piehler and Smyth 2011), and rates on subtidal reefs in Maryland have been found 
to be 200-610µM N m-2 h-1 higher than background (Kellogg et al. 2013).
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The level of variation between measures of enhanced denitrification from restored oyster reef means that it is not yet 
possible to estimate the likely denitrification enhancement from any restoration site prior to restoration. The potential 
benefits arising from oyster restoration may, however, be significant and are therefore worthy of consideration. Indeed 
even conservative estimates of denitrification enhancement by oyster reefs may represent a large proportion of the 
total ecosystem services delivered by oyster reefs (Grabowski et al., 2012). Grabowski et al. (2012) estimated that one 
hectare of intertidal oyster reef in North Carolina removed $1,385-$6,716 worth of nitrogen per year. While this valuation 
is restricted to the location of the study, it provides us with some insight into the potential value of this oyster reef 
ecosystem service.

In order to build a general model capable of quantifying the denitrification enhancement resulting from a restoration 
project, it is necessary to collect more data on the role of seston concentration, light intensity, temperature, salinity, 
oyster size, density and habitat quality, as well as the role of the associated community among other factors. Further 
information about sampling protocols can be found in Baggett et al. (2014). In the future it should be possible to build a 
general model to estimate the denitrification enhancement by oyster reefs. A preliminary model already exists for Harris 
Creek, a well-studied river in Maryland (see Box 5). Ongoing research in Harris Creek seeks to both test the current 
model predictions and collect additional data to better parameterize the model.

The relative roles of oyster habitat restoration and aquaculture
It should be noted that the ecosystem service benefits of oyster restoration are not necessarily equal to the ecosystem 
service benefits of oysters under aquaculture conditions. In the case of denitrification, few studies have found net annual 
enhancement of denitrification in sediments under oysters grown in aquaculture floats (Higgins et al., 2013, Kellogg et 
al., 2014, Smyth et al. 2015). To date, no data have been published for denitrification rates associated with other forms 
of aquaculture. The nitrogen removal attributable to oyster aquaculture is generally ascribed to the extraction of the 
nitrogen contained in the soft tissue and shell at harvest.

Using nitrogen removal to set restoration objectives
The state of knowledge is not yet advanced enough to use nitrogen removal as a quantitative objective for oyster 
restoration. Nevertheless, on a broad scale it is useful to consider the positive contribution that oyster restoration is likely 
to make to net nitrogen removal from restored estuaries. 

If restoration takes place near a site for which habitat and biomass specific denitrification values are already available, 
the contribution of restoration can be estimated by multiplying the amount by which the rate is enhanced (the oyster 
habitat less the control rate of denitrification) and multiplying it by the area of restoration. While the current data do 
not allow for an estimate of this service at any given site, the available values in the literature provide some indication 
of the range of enhancement which might be expected (see text above and Kellogg et al., 2014 for further detail on 
existing values).

Where measurements of denitrification are available, the contribution of oyster restoration can be put into context 
not only in terms of the mass of nitrogen removed from the system, but it may also be useful to consider the 
number of people “offset” by restoration (by which we mean the amount of denitrification necessary to mitigate 
the excretion of N from one person), the value of the denitrification service in monetary terms (see Box 5), or the 
% of anthropogenically derived N removed (Carmichael et al., 2012b). These alternative units can also be useful in 
setting objectives.
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Box 5: Using denitrification estimates to set restoration objectives

While it is not currently possible to extrapolate objectives to areas where denitrification data are absent, a model 
has been developed by Drs. Mark Brush and Lisa Kellogg for Harris Creek, Maryland. Chesapeake Bay is an area 
for which considerable data have been collected and are applied to Harris Creek. Data specific to Harris Creek 
continue to be collected and will be added to the model as available. This web based model can be found at:

http://netsim.vims.edu/netsims/brush/harris_creek_model/index.html

The model allows the user to specify the area of restoration planned within each of 5 areas within the creek 
along with the oyster density and mean weight. The outputs of the proposed restoration can then be viewed. 
These include, N denitrified, N in tissue, N in shell and N buried, among other values. 

NB: It should be noted that Harris Creek is intended as a case example. The Harris Creek model is still being 
refined and should not be applied to other areas.

Photo: Intertidal oyster reef, Florida, A. Birch. 

http://netsim.vims.edu/netsims/brush/harris_creek_model/index.html
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Fish enhancement can be calculated online!
http://oceanwealth.org/resources/oyster-calculator/

Chapter 7: Non-Oyster Fisheries

The complex three-dimensional habitat formed by oyster reefs can provide refuge for juvenile fish and invertebrates, and 
provide important fish foraging grounds. When practitioners, stakeholders and communities are motivated to implement 
restoration to augment the production of fish and invertebrates, it is critical to be able to envision approximately how many 
more fish an area of oyster reef is likely to provide. Zu Ermgassen et al. (2015) undertook a review of 12 studies on the South 
and Mid Atlantic coast and 19 studies on the Gulf of Mexico coast of the U.S. in order to determine how many more juvenile 
fish recruit to oyster reef than nearby mud or sand areas. They then estimated the final biomass of fish and mobile crustaceans 
resulting from the increased abundance of juveniles. We summarize their finding here, and suggest a framework for using their 
results to predict how many fish and mobile crustaceans a given restoration project may expect to “produce”. 

Figure 15: Fish and crabs associated with oyster reef. (a) M. Griffin, (b) B. Lusk, (c) P. Frederick, (d) M. Griffin, (e) B. DeAngelis, 
(f) B. DeAngelis.

a b

c d

e f

http://oceanwealth.org/resources/oyster-calculator/
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It should be noted that the values presented here represent the mean enhancement, for each geographic region, across 
all of the studies included in the initial literature review conducted by zu Ermgassen et al. (2015). Individual sites 
are expected to differ not only because not all species are present at all sites, but also because there is great natural 
variability in recruitment both across space and time. As such, these values represent a predicted enhancement and can 
be used when planning restoration and envisioning restoration targets and objectives. The biomass that restoration 
projects actually contribute can only be determined through appropriate sampling of fish populations on and off the reef 
in the years following restoration. Further information about appropriate sampling techniques for juvenile fish can be 
found in Baggett et al. (2014).

Quantifying fish enhancement by oyster reefs
Fifteen fish species and four crustacean species were found at greater densities on oyster reef habitat as opposed 
to unstructured habitat in the Gulf of Mexico, whereas eleven fish species and one crustacean species were 
enhanced on the Atlantic coast. The mean increase in juvenile individuals quantified per unit area is given in Table 
1. This represents how many more individuals were found on oyster reef, over and above what was found on the
unrestored/unstructured sites. It is believed that these numbers should scale linearly with area when habitat is
very limiting, hence the number of additional individuals recruiting to an area of restoration can be determined by
multiplying the density per m2 or acre, by the area restored. For further information regarding how to measure the
restored area, please see chapter 3 in Baggett et al. 2014. This approach may become invalid when habitat ceases
to limit fish populations (i.e. when there is extensive habitat available). This approach should therefore be applied
with caution to restoration efforts that seek to reach, or nearly reach, historical extent of oyster reef.

In order to calculate how many more fish and mobile crustaceans might be expected as a result of restoration 
efforts, this list can be cross-checked with the species known to exist in the area where restoration is being 
undertaken. Species that are not present should be excluded. For guidance as to which species can be expected in 
your region of interest, refer to NOAA’s Estuarine Living Marine Resources Program publications (Box 6).

Box 6. Web resources

NOAA’s Estuarine Living Marine Resources Program Publications:

North East Coast
http://www.biodiversitylibrary.org/item/24461#page/3/mode/1up

Mid Atlantic
http://www.biodiversitylibrary.org/item/23780#page/16/mode/1up

South East Coast 
http://ccma.nos.noaa.gov/publications/biogeography/ELMR_SE_report.pdf

Gulf of Mexico
https://ia600309.us.archive.org/12/items/distributionabun02nels/distributionabun02nels.pdf

Estuarine Living Marine Resource Database
http://www8.nos.noaa.gov/biogeo_public/elmr.aspx

http://ccma.nos.noaa.gov/publications/biogeography/ELMR_SE_report.pdf
https://ia600309.us.archive.org/12/items/distributionabun02nels/distributionabun02nels.pdf
http://www8.nos.noaa.gov/biogeo_public/elmr.aspx
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Estimating fish and mobile crustacean biomass production 
Once the number of additional juveniles recruiting to an area is known, it is possible to estimate the resulting increase in 
biomass using established life history and mortality estimates. Details of the growth and mortality models applied can be 
found in Appendix 3. 

Zu Ermgassen et al. 2015 applied known growth and mortality relationships to the mean juvenile density values listed 
in Table 1, in order to estimate the life-long enhancement to fish and mobile invertebrates as a product of oyster reef 
restoration. The results are provided in Table 2. These values represent the annual enhancement once the restored reef 
exceeds tmax in age (with the assumption that the reef enhanced recruitment every year following construction), including 
the continued growth and survival of individuals throughout their life, even if they move off the reef. See Appendix 3 for 
detailed methodology.

There is strong evidence that restored oyster reefs support fish and mobile crustaceans very soon after restoration has 
taken place (La Peyre et al., 2014). Fish and mobile crustacean biomass can therefore be assumed to be enhanced from 
the first season of recruitment following restoration. While the full biomass enhancement benefits for each species will 
not be fulfilled until tmax, a significant proportion of the biomass can be attributed from just 2 years in the Gulf of Mexico 
(54%) and three years on the Atlantic coast (58%) (zu Ermgassen et al. 2015). These values will vary depending on 
which species are present at the location of the restoration project.

It should be noted that the values given in Table 2 represent the mean enhancement across all of the studies included 
in the initial literature review on which Table 1 is based. Individual sites are expected to differ not only because not all 
species are present at all sites, but also because there is great natural variability in recruitment both across space and 
time. As such, these values represent a predicted enhancement. The variability in each value is expressed as standard 
deviations calculated for each species, and should be considered when setting restoration objectives. 

Fish enhancement can be calculated online!
http://oceanwealth.org/resources/oyster-calculator/

http://oceanwealth.org/resources/oyster-calculator/
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Table 2. Estimated fish and mobile crustacean biomass enhancement per year by oyster reef restored on the Gulf of 
Mexico and Atlantic coasts. These numbers are derived from applying known mortality and growth estimates to the 
observed enhancement in juvenile fish and mobile crustacean density on oyster reefs over unstructured controls. 

Coast Species Common name

Mean 
production

 g m-2 y-1

(stdev)

Mean 
production
 kg acre-1 y-1

(stdev)
Gulf of Mexico Fish

Archosargus probatocephalus Sheepshead 137.2
(99.0)

555
(401)

Bairdiella chrysoura Silver Perch 41.0
(39.5)

166
(160)

Bathygobius soporator Frillfin Goby 2.0
(0.7)

8
(3)

Chaetodipterus faber Spadefish 3.0
(2.2)

12
(9)

Chasmodes bosquianus Striped Blenny 0.2
(0.1)

1
(0.4)

Ctenogobius boleosoma Darter Goby 0.5
(0.3)

2
(1)

Gobiesox strumosus Skilletfish 3.1
(1.4)

13
(6)

Gobiosoma bosc Naked Goby 2.2
(0.6)

9
(2)

Hypsoblennius hentz Feather Blenny 0.2
(0.1)

1
(0.4)

Hypsoblennius ionthas Freckled Blenny 1.3
(0.9)

5
(4)

Lagodon rhomboides Pinfish 33.2
(16.7)

134
(68)

Leiostomus xanthurus Spot 17.9
(8.7)

72
(35)

Opsanus beta Oyster Toadfish 41.9
(16.6)

62
(25)

Orthopristis chrysoptera Pigfish 5.8
(2.4)

23
(10)

Prionotus spp. Searobin 2.2
(2.7)

9
(11)
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Coast Species Common name

Mean 
production

 g m-2 y-1

(stdev)

Mean 
production
 kg acre-1 y-1

(stdev)
Gulf of Mexico (cont.) Crustaceans

Callinectes sapidus Blue Crab 143.9
(64.2)

582
(260)

Farfantepenaeus aztecus Brown Shrimp 7.0
(4.2)

28
(17)

Litopanaeus setiferus White Shrimp 24.2
(14.3)

98
(58)

Menippe mercenaria Stone Crab 61.4
(6.8)

27
(25)

528.2
(127.6)

2138
(516)

Atlantic Fish

Archosargus probatocephalus Sheepshead 62.2
(41.4)

251.7
(167.5)

Chasmodes bosquianus Striped Blenny 19.4
(4.7)

79
(19)

Fundulus majalis Striped Killifish 0.06
(0.07)

0.4
(0.4)

Gobiesox strumosus Skilletfish 22.2
(7.1)

90
(29)

Gobiosoma bosc Naked Goby 28.0
(7.7)

113
(31)

Lagodon rhomboides Pinfish 0.7
(18.3)

3
(74)

Lutjanus griseus Gray Snapper 5.6
(3.9)

23
(16)

Mycteroptera microlepis Gag 23.3
(15.0)

94
(61)

Opsanus tau Oyster Toadfish 117.6
(39.5)

576
(160)

Orthopristis chrysoptera Pigfish 3.5
(3.6)

14
(15)

Paralichthys lethostigma Southern Flounder 0.6
(3.7)

2
(15)

Crustaceans

Farfantepenaeus aztecus Brown Shrimp 0.2
(0.1)

1
(0.4)

283.4
(56.8)

1147
(230)
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Utilization enhanced fish species
A number of species do not recruit to oyster reefs, but do preferentially utilize the habitat at later life history stages. 
While there is not yet sufficient knowledge to quantify the biomass enhancement to these species resulting from the use 
of oyster reef habitats, there is sufficient evidence to suggest that species that preferentially use oyster reef habitat are 
likely to gain from this habitat usage. These benefits primarily arise as a result of greater prey abundance and enhanced 
predator avoidance, provided by the structured shell habitat.

Zu Ermgassen et al. 2015 also determined the degree to which larger individuals preferentially utilized oyster reef habitat 
over unstructured habitat / unrestored reefs. Five species on the Gulf of Mexico coast and two species on the Atlantic 
coast were found to preferentially use oyster reef as adults (Table 3). The percentage of individuals sampled over reef 
habitat as opposed to off can be used as an indicator of how important oyster reefs might be to the identified fish species 
as adults. It is clear that a number of recreationally and commercially important species have a strong preference for 
oyster habitat as adults, and are likely to benefit from the presence of healthy reef systems.

Figure 16: Recreational fishers. (a) J. Kneebone, (b) M. Dumesnil.

a b
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Table 3. Species commonly found in higher abundance on oyster reef than unstructured controls.

Species Common name Proportion of individuals 
caught on oyster

Gulf Coast Menticirrhus 
americanus Southern Kingfish 52%

Paralichthys 
lethostigma Southern Flounder 82%

Pogonias cromis Black Drum 75%
Rhinoptera bonasus Cownose Ray 82%
Sciaenops ocellatus Red Drum 69%

Atlantic 
Coast Centropristis striata Black Sea Bass 63%

Morone saxatilis Striped Bass 93%

Using fish enhancement estimates in setting oyster restoration objectives
Oyster restoration has the potential to significantly enhance fish production by providing habitat to juvenile fish and 
mobile crustaceans. This is important both from a biodiversity perspective and from a fisheries perspective. 

Restoration may be undertaken with the whole fish community in mind (biodiversity benefits), or may be aimed at a few 
fish or crustacean species of greatest interest to the stakeholders (Box 7). Using the tables presented in this section or the 
online calculator, it is possible to predict how much fish, on a community or single species level, one can hope to attain 
from a given area of restoration. Objectives can therefore be set on the basis of expected fish biomass enhancement. 

Box 7: Setting objective based on stone crab production 

For example, if Stone Crab is the species of interest in Gulf of Mexico site, the stated aim of the objective could 
be to have 1000 additional crabs recruiting to the area per annum. At 1.936 additional Stone Crabs recruiting per 
m2 of oyster reef (Table 1), it can be expected that this degree of enhancement may be achieved from restoring 
0.13 acres (516m-2) of oyster reef. The same approach could be taken, but basing the restoration target on the 
number of crabs entering the fishery. In this case, we would expect an additional 0.068 Stone Crabs to enter the 
fishery every year for every m2 of oyster reef restored, therefore to enhance the fishery by 1000 individuals a 
year, the restoration target should be 3.6 acres (1.5ha). Alternatively the objective could be biomass based, and 
the area could be determined using the biomass estimates in Table 2.

If the stakeholders wish to undertake restoration for the sake of the whole fish community (biodiversity benefits) as 
opposed to a single species, a target can be set based on the biomass of the whole community. In order to estimate the 
biomass that can be attributed to the planned oyster restoration, it is necessary to determine which of the species listed 
in Table 2 are present at the site. Once this is known, the predicted biomass for species deemed to be present can be 
totaled in order to provide a per unit area prediction of fish and mobile crustacean biomass. 

It should be noted that it is likely there are species that are enhanced, but have not been included in the tables of 
enhancement due to insufficient information in the literature. These can be added as the available information is 
expanded through publication of future studies.
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Case Study: Setting objectives based on fish enhancement 

Charlotte Harbor FL.

If a restoration project is planned for Charlotte Harbor FL, and fish community enhancement is a primary objective, 
the first step is to ascertain which of the listed fish species are common in that estuary. This list can be determined 
using knowledge of the site, or by referring to published resources. We populated Table 2 with the relative 
abundance of each of the potentially enhanced species in the estuary by asking experts within the Florida Fish 
and Wildlife Department for their expert opinion, using Patillo et al. 1997 (See Box 6), and site specific literature 
(Poulakis et al., 2004).

The expected biomass enhancement of the fish and mobile crustacean community can then be estimated by totaling 
the predicted biomass enhancement for the appropriate species in Table 2. For species listed as rare, it is appropriate 
to assume that they are not important contributors, and therefore to be conservative and not represent them in the 
enhancement estimates. For those listed as common or abundant, the mean enhancement should be used, whereas 
for those species listed as highly abundant, it is appropriate to assume the upper values of biomass enhancement are 
applicable. The upper and lower bounds are given by adding or subtracting the standard deviation (given in brackets in 
Table 2) from the mean. The case for Charlotte Harbor is presented in Table 4 below as an example. Of the utilization 
enhanced species, Southern Flounder, Black Drum and Red Drum are all present in Charlotte Harbor, and are likely to be 
enhanced by restored oyster habitat (Table 3).

Fish enhancement can be calculated online!
http://oceanwealth.org/resources/oyster-calculator/

http://oceanwealth.org/resources/oyster-calculator/


Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide   |   51

Table 4: The predicted enhancement in production per unit area of oyster restoration undertaken in Charlotte Harbor, FL. 
Abundance as listed by Patillo et al. 1997 and using expert local knowledge.

Species Common name Abundance

Production 
enhancement 

per m2 
restoration 

(g)

Production 
enhancement 

per acre 
restoration (kg)

Fish

Archosargus 
probatocephalus Sheepshead Abundant 137.2 555

Bairdiella chrysoura Silver Perch Abundant 41.0 166

Bathygobius soporator Frillfin Goby Common 2.0 8

Chaetodipterus faber Spadefish Common 3.0 12

Chasmodes bosquianus Striped Blenny Not present 0 0

Ctenogobius boleosoma Darter Goby Rare 0 0

Gobiesox strumosus Skilletfish Common 3.1 13

Gobiosoma bosc Naked Goby Abundant 2.2 9

Hypsoblennius hentz Feather Blenny Rare 0 0

Hypsoblennius ionthas Freckled Blenny Not present 0 0

Lagodon rhomboides Pinfish Highly Abundant 49.9 202

Leiostomus xanthurus Spot Common 17.9 72

Opsanus beta Gulf Toadfish Common 41.9 62

Orthopristis chrysoptera Pigfish Highly Abundant 8.2 33

Prionotus spp. Searobin Common 2.2 9

Crustaceans

Callinectes sapidus Blue Crab Abundant 144 582

Farfantepenaeus 
aztecus Brown Shrimp Rare 0 0

Litopanaeus setiferus White Shrimp Rare 0 0

Menippe mercenaria Stone Crab Common 61.4 27

TOTAL 514.0 1750
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Chapter 8: Coastal Protection

The reduction of wind and wave energy, or attenuation, provided by the structure of many habitats including oyster and 
coral reefs, salt marsh, seagrasses, mangroves and dunes is now being regarded as a critical ecosystem service alongside 
fish production, water quality, tourism and biodiversity (Beck and Shepard, 2012). In recent years, the effects of climate 
change have amplified the importance of natural, restored, and hybrid approaches to protecting shoreline (Sutton-Grier 
et al., 2015). Restored oyster reefs have been demonstrated to be useful ecological strategies in protecting shorelines 
(Piazza et al., 2005, Scyphers et al., 2011), and strategies emphasizing natural solutions are garnering increasing support 
at state, federal and global levels. 

Figure 17: Some examples of oyster reefs constructed to assist in shoreline protection. (a, b, c) Erika Nortemann, (d) B. Hancock.

Establishing restoration objectives on the basis of attenuating waves and/or stabilizing shorelines throughout an estuary 
is challenging, since the local wind, wave and geomorphological conditions all influence the impact of restored oyster reef 
on a particular segment of shoreline. Setting restoration objectives for shoreline protection requires identifying segments 
of coastline that are both eroding and ecologically suitable to sustain an oyster reef (La Peyre et al., 2015). Once these 
segments of estuary shoreline have been identified, it is possible to calculate the percent of the estuary’s shoreline that 
is eroding and what portion of these areas could potentially benefit from the shoreline protection benefits of oyster reefs. 
Restoration objectives can be developed based on the amount and/or length of oyster reef needed to protect all or part of 
the eroding shoreline segments.

a b

c d
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To demonstrate the coastal protection benefits derived from nearshore habitats and inform the development of oyster 
restoration projects for shoreline stabilization, The Nature Conservancy, Natural Capital Project, US Geological Survey, 
the University of California at Santa Cruz, and the University of Southern Mississippi have teamed up to build an online 
application (“app”) called Coastal Defense. The Coastal Defense app is a module of the Coastal Resilience decision 
support tool.

Coastal Resilience
Coastal Resilience  (http://coastalresilience.org/) is a web-based decision support tool that provides local, state and 
national planners a step-wise process to guide decisions to reduce the ecological and socio-economic risks of coastal 
hazards. The Coastal Resilience tool is expanding across the U.S. and internationally and currently includes 12 U.S. 
coastal states, (Alabama, California, Connecticut, Florida, Louisiana, Mississippi, New Jersey, New York, North Carolina, 
Texas, Virginia, Washington), four countries in Latin America (Mexico, Belize, Guatemala, Honduras) and in three island 
nations in the Caribbean (Grenada, St. Vincent and the Grenadines, U.S. Virgin Islands). It assists in the assessment 
and identification of risk reduction solutions focusing on habitat based solutions, including oyster habitat, and operates 
at multiple scales to allow for more detailed planning. It includes an approach to help communities take the next 
step beyond assessing their risk: finding innovative ways to protect their communities by exploring the use of natural 
solutions.

Coastal Defense
Coastal Defense is an app within Coastal Resilience that identifies the coastal protection value of existing 
reef and wetland habitats and allows users to design restoration solutions. The Coastal Defense app uses 
standard engineering techniques to calculate the reduction of wave height and wave energy in the presences 
of these habitats. A coastal protection model from the Natural Capital Project’s Marine Integrated Valuation 
of Environmental Services and Tradeoffs (InVEST) program runs the app. The app helps support decisions to: 
(1) identify areas that may be at risk of coastal erosion and inundation from wave action and storm surge; (2) 
interactively examine the role of coastal habitats in attenuating wave height and energy; and (3) determine 
appropriate adaptation strategies that incorporate green (habitats) and grey (seawalls and other man-made 
structures) infrastructure trade-offs. Nature-based approaches like these are changing the perception that only 
hard infrastructure solutions provide effective coastal defense.

To date the app has been used in Puget Sound, Washington (tidal marshes), Mobile Bay, Alabama (oyster reefs), and 
the Florida Keys (coral reefs and mangroves). The app lets users specify offshore forcing conditions (wave and surge 
characteristics), a sea-level rise value, the location of restored or degraded coastal habitats, and the location of built 
infrastructure for exploring hybrid green (habitat) and gray (seawalls, dikes, etc.) solutions. The Coastal Resilience 
tool platform and Coastal Defense app help make complex social-ecological models more accessible to non-technical 
audiences, giving stakeholders the power to make more informed adaptation and restoration decisions.

http://coastalresilience.org/
http://coastalresilience.org/our-approach/identify-solutions/coastal-defense/


Photo: Subtidal oyster reef, Texas. M. Dumesnil.
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Appendix 1A: Estuary-Scale Data Summaries

This section contains a compilation of estuary level data, including information on the historic presence and extent of 
oyster reef systems in each estuary, where these data are available. Relevant physical attributes of each estuary are 
also provided. 

Many of these data have previously been published in zu Ermgassen et al. (2012). The full manuscript and details of data 
acquisition can be found at http://rspb.royalsocietypublishing.org/content/279/1742/3393 . When using historic data 
such as those provided, it is important to be aware that baseline data may not represent pristine conditions (see Box 3 
and 4). The values given to describe oyster extent in the bay summaries presented in the Appendix refer to reef systems 
(see Box 1). 

http://rspb.royalsocietypublishing.org/content/279/1742/3393
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Appendix 1B: Olympia Oyster
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CA Humboldt Bay 221440 3 137 116.3 35 0.2 0 NA NA NA

CA San Francisco 
Bay 7762080 18 3251 116.3 35 0.2 0 NA NA NA
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Appendix 2: Shell Height Biomass Conversion

Relationship between maximum shell length (shell height) and soft tissue dry weight.

Estuary State Shell Height (SH) (mm) to dry 
tissue mass (g) conversion Reference

Delaware Bay Delaware 0.00003 x SH^2.4503 Bushek unpublished data

Chester River Maryland 0.00003 x SH^2.3512 Liddel 2007 in Lane et al. 
2011

Coastal Bays, Virginia 
eastern shore Virginia 0.0003 x SH^1.9352 Ross & Luckenbach 2009

James River Virginia 0.0000712 x SH^2.15 Mann et al. 2009
Great Wicomico Virginia 0.0000096318 x SH^2.743 Southworth et al. 2010
Piankatank River Virginia 0.000049216 x SH^2.295 Harding et al. 2010
NA South Carolina 0.00003 x SH^2.1727 Grizzle et al. 2008
Mosquito Lagoon, FL Florida 0.0003 x SH^1.8228 Parker et al. 2013
Loxahatchee River Florida 0.0001*SH^2.0827 Parker et al. 2013
Tampa Bay Florida 0.00006*SH^2.2476 Parker et al. 2013
Aransas Bay Texas (SH/10^1.846)^(1/0.258) Beseres Pollack et al 2011
Yaqunia Bay Oregon 0.000006 x SH^3.06 Gray unpublished data

Also see Powell et al. 2015 for more examples and discussion of allometric relationships between oyster shell height and 
dry tissue mass.
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Appendix 3: Detailed Fisheries Methods

The number of individuals surviving over time decreases by M, the natural mortality rate. The number of 
individuals surviving to each age class can therefore be estimated by applying:

where Ni is the density enhancement for age class i and M is the natural mortality of the fish species.

M is size dependent rather than constant over time. M can therefore be estimated for a given size using 
the Lorenzen function M(t) = M (Lm/L(t)), (Lorenzen 2000), where L(t) is the length at time t and Lm

is the length of recruitment to the fishery, or length at maturity if age or length of recruitment to the 
fishery is unavailable.

For each age class the expected growth can be determined by von Bertalanffy growth curves:

where L
∞
 is the asymptotic maximum length (in cm), K is the Brody growth coefficient and t0 is the age at 

zero length. 

The average weight for each age class (Wi) can then be calculated from the length using the length-
weight relationship:

where a and b are species-specific constants. The increase in weight of an average fish between age classes 
(Pi) was calculated:

The total annual enhancement of a species (gm-2) can be calculated by summing the incremental 
increase in weight each year for an average fish (Pi), multiplied by the number (density) of fish (Ni) for 
each age class.

For further detail of the methods used in estimating the enhanced production due to oyster reefs, please see 
zu Ermgassen et al. (2015)

References
Lorenzen, K. (2000) Allometry of natural mortality as a basis for assessing optimal release size in fish-
stocking programmes. Canadian Journal of Fisheries and Aquatic Sciences, 57, 2374-2381.

zu Ermgassen, P. S. E., Grabowski, J. H., Gair, J. R., Powers, S. P. (2015), Quantifying fish and mobile 
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2664.12576, http://onlinelibrary.wiley.com/doi/10.1111/1365-2664.12576/abstract 
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Appendix 4: Table of Life History Parameters of 
Recruitment Enhanced Species

Sp
ec

ie
s

Co
m

m
on

 
na

m
e

M
L∞

K
t 0

a
b

t m
ax

Re
fe

re
nc

es

Fi
sh

A
rc

ho
sa

rg
us

 
pr

ob
at

oc
ep

ha
lu

s 
(A

tla
nt

ic
)

Sh
ee

ps
he

ad
0.

20
38

.1
0.

39
-1

.13
0.
02

37
3.
04

0.
20

M
ur

ph
y 

an
d 

M
ac

D
on

al
d 

20
00

A
rc

ho
sa

rg
us

 
pr

ob
at

oc
ep

ha
lu

s (
G

ul
f 

of
 M

ex
ic

o 
)

Sh
ee

ps
he

ad
0.

20
45

.1
0.

24
-1

.17
0.
03

43
2.
91

0.
20

M
ur

ph
y 

an
d 

M
ac

D
on

al
d 

20
00

Ba
ird

ie
lla

 ch
ry

so
ur

a
Si

lv
er

 P
er

ch
1.3

9
27

.0
0.

69
-0

.2
4

0.
01

14
3.

00
1.3

9
A

ya
la

-P
er

ez
 e

t a
l. 

20
06

, W
el

sh
 a

nd
 

Br
ed

er
 19

23

Ba
th

yg
ob

iu
s s

op
or

at
or

Fr
ill

fin
 G

ob
y

1.0
8

26
.5

2.
56

0.
04

0.
00

91
2.

84
1.0

8
H

er
na

m
an

 a
nd

 M
un

da
y 

20
05

 
(V

al
en

ci
en

ne
a 

m
ur

al
is 

[M
] a

s 
a 

pr
ox

y)
Ch

ae
to

di
pt

er
us

 fa
be

r
Sp

ad
efi

sh
0.

55
49

.0
0.

34
-0

.18
0.

03
73

2.
96

0.
55

H
ay

se
 19

90
, V

ia
nn

a 
et

 a
l. 

20
04

Ch
as

m
od

es
 b

os
qu

ia
nu

s
St

rip
ed

 B
le

nn
y

2.
14

8.
6

1.4
6

0.
02

0.
01

28
3.

04
2.

14
Ro

bi
ns

 a
nd

 R
ay

 19
86

, H
er

na
m

an
 a

nd
 

M
un

da
y 

20
05

 (V
al

en
ci

en
ne

a 
m

ur
al

is 
[M

] 
as

 p
ro

xy
)

Ct
en

og
ob

iu
s b

ol
eo

so
m

a
D

ar
te

r G
ob

y
2.

14
8.

0
1.4

6
0.

02
0.

00
94

3.
06

2.
14

Ro
bi

ns
 a

nd
 R

ay
 19

86
, H

er
na

m
an

 a
nd

 
M

un
da

y 
20

05
 (A

m
bl

yg
ob

iu
s b

yn
oe

ns
is 

[F
]a

s 
pr

ox
y)

Fu
nd

ul
us

 m
aj

al
is

St
rip

ed
 K

ill
ifi

sh
2.

14
15

.9
0.

28
-0

.2
4

0.
01

32
3.

03
2.

14
Cl

em
m

er
 a

nd
 S

ch
w

ar
tz

 19
65

, K
ne

ib
 a

nd
 

St
iv

en
 19

78
 (F

. h
et

er
oc

lit
us

 a
s 

pr
ox

y)

G
ob

ie
so

x 
st

ru
m

os
us

Sk
ill

et
fis

h
2.

14
8.

6
1.4

6
0.

02
0.

01
28

3.
04

2.
14

Sm
ith

 19
97

, B
oh

ns
ac

k 
an

d 
H

ar
pe

r 
19

88
, H

er
na

m
an

 a
nd

 M
un

da
y 

20
05

 
(A

m
bl

yg
ob

iu
s b

yn
oe

ns
is 

[F
] a

s 
pr

ox
y)

G
ob

io
so

m
a 

bo
sc

N
ak

ed
 G

ob
y

1.0
8

6.
5

1.1
0

-0
.0

3
0.

01
05

2.
99

1.0
8

Ro
bi

ns
 a

nd
 R

ay
 19

86
, B

os
ch

un
g,

 H
.T.

, J
r.,

 
an

d 
R.

L.
 M

ay
de

n.
 2

00
4,

 H
er

na
m

an
 a

nd
 

M
un

da
y 

20
05

 (I
st

ig
ob

iu
s g

ol
dm

an
ni

 [M
] 

as
 p

ro
xy

)

H
yp

so
bl

en
ni

us
 h

en
tz

Fe
at

he
r B

le
nn

y
1.0

8
10

.7
0.

62
-0

.3
9

0.
01

10
2.

96
1.0

8
Ro

bi
ns

 a
nd

 R
ay

 19
86

, A
ze

ve
do

 a
nd

 
H

om
em

 2
00

9 
(P

ar
ab

le
nn

iu
s r

ub
er

 a
s 

pr
ox

y)

H
yp

so
bl

en
ni

us
 io

nt
ha

s
Fr

ec
kl

ed
 B

le
nn

y
1.0

8
10

.7
0.

62
-0

.3
9

0.
01

10
2.

96
1.0

8
Ro

bi
ns

 a
nd

 R
ay

 19
86

, A
ze

ve
do

 a
nd

 
H

om
em

 2
00

9 
(P

ar
ab

le
nn

iu
s r

ub
er

 a
s 

pr
ox

y)



Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide   |   71

La
go

do
n 

rh
om

bo
id

es
Pi

nfi
sh

0.
78

22
.0

0.
33

-1
.10

0.
03

16
3.

03
0.

78
N

el
so

n 
20

02

Le
io

st
om

us
 x

an
th

ur
us

Sp
ot

1.0
8

23
.9

0.
89

-0
.0

4
0.

00
92

3.
07

1.0
8

Su
nd

ar
aj

 19
60

, D
aw

so
n 

19
65

, H
ug

g 
19

96
, F

lo
rid

a 
Fi

sh
 a

nd
 W

ild
lif

e 
Co

ns
er

va
tio

n 
Co

m
m

is
si

on

Lu
tja

nu
s g

ris
eu

s
G

ra
y 

Sn
ap

pe
r

0.
21

89
.0

0.
10

-0
.3

2
0.

02
32

2.
88

0.
21

M
an

oo
ch

 a
nd

 M
at

he
so

n 
19

83
, B

oh
ns

ac
k 

an
d 

H
ar

pe
r 1

98
8,

 M
an

oo
ch

 19
87

M
yc

te
ro

pe
rc

a 
m

ic
ro

le
pi

s
G

ag
 G

ro
up

er
0.

18
11

8.
0

0.
17

-0
.7

4
0.

00
93

3.
05

9
0.

18
H

oo
d 

an
d 

Sc
hl

ie
de

r 1
99

2,
 M

cG
ov

er
n 

et
 

al
. 2

00
5

O
ps

an
us

 b
et

a 
(F

em
al

e)
O

ys
te

r T
oa

dfi
sh

 
0.

60
20

.1
0.

79
0.

47
0.

00
63

3.
28

0.
60

M
al

ca
 e

t a
l. 

20
09

O
ps

an
us

 b
et

a 
(M

al
e)

O
ys

te
r T

oa
dfi

sh
 

0.
60

39
.4

0.
30

0.
36

0.
00

63
3.

28
0.

60
M

al
ca

 e
t a

l. 
20

09

O
ps

an
us

 ta
u 

(F
em

al
e)

O
ys

te
r T

oa
dfi

sh
 

0.
49

27
.2

0.
39

-0
.4

1
0.

01
00

3.
22

0.
49

Sw
ar

tz
 a

nd
 v

an
 E

ng
le

 19
68

, R
ad

tk
e 

et
 a

l. 
19

85

O
ps

an
us

 ta
u 

(M
al

e)
O

ys
te

r T
oa

dfi
sh

 
0.

40
40

.7
0.

15
-0

.3
3

0.
01

00
3.

22
0.

40
Sw

ar
tz

 a
nd

 v
an

 E
ng

le
 19

68
, R

ad
tk

e 
et

 a
l. 

19
85

O
rt

ho
pr

ist
is 

ch
ry

so
pt

er
a

Pi
gfi

sh
0.

60
47

.5
0.

16
-1

.14
0.

01
28

3.
06

0.
60

Pe
te

rs
on

 e
t a

l. 
20

03
, D

ar
cy

 19
83

Pa
ra

lic
ht

hy
s l

et
ho

st
ig

m
a 

(F
em

al
e)

So
ut

he
rn

 
Fl

ou
nd

er
 

0.
55

66
.0

0.
21

-1
.3

2
0.

00
43

3.
30

0.
55

St
un

z 
et

 a
l. 

20
00

, F
is

ch
er

 a
nd

 T
ho

m
ps

on
 

20
04

Pa
ra

lic
ht

hy
s l

et
ho

st
ig

m
a 

(M
al

e)
So

ut
he

rn
 

Fl
ou

nd
er

 
1.0

8
33

.3
1.0

3
-0

.2
5

0.
00

43
3.

30
1.0

8
St

un
z 

et
 a

l. 
20

00
, F

is
ch

er
 a

nd
 T

ho
m

ps
on

 
20

04
Pr

io
no

tu
s s

p.
Se

ar
ob

in
0.

73
36

.6
0.

39
0.

00
0.

00
97

3.
48

0.
73

Ri
ch

ar
ds

 e
t a

l. 
19

79
, R

ob
in

s 
&

 R
ay

 19
86

 

Cr
us

ta
ce

an
s

Ca
lli

ne
ct

es
 sa

pi
du

s 
(F

em
al

e)
Bl

ue
 C

ra
b 

1.0
0

17
.6

1.4
5

0.
13

1.1
47

4
1.8

6
1.0

0
M

ur
ph

y 
et

 a
l. 

20
07

, S
m

ith
 19

97

Ca
lli

ne
ct

es
 sa

pi
du

s 
(M

al
e)

Bl
ue

 C
ra

b 
1.0

0
17

.6
1.4

5
0.

13
0.

76
34

2.
10

1.0
0

M
ur

ph
y 

et
 a

l. 
20

07
, S

m
ith

 19
97

Fa
rfa

nt
ep

en
ae

us
 a

zt
ec

us
Br

ow
n 

Sh
rim

p
18

.0
0

19
.1

1.1
4

-0
.2

9
0.

00
71

3.
07

18
.0

0
A

rr
eg

ui
n 

Sa
nc

he
z 

19
99

, M
in

el
lo

 e
t a

l. 
20

08
. 

Li
to

pa
na

eu
s s

et
ife

ru
s

W
hi

te
 S

hr
im

p
18

.0
0

19
.1

1.1
4

-0
.2

9
0.

00
65

3.
00

18
.0

0
A

rr
eg

ui
n 

Sa
nc

he
z 

19
99

 (F
. a

zt
ec

us
 a

s 
pr

ox
y)

, M
in

el
lo

 e
t a

l. 
20

08
M

en
ip

pe
 m

er
ce

na
ria

 
(F

em
al

e)
St

on
e 

Cr
ab

0.
70

12
.6

0.
45

6
0.

25
5

0.
28

85
3.

04
8

0.
70

Re
st

re
po

 19
89

, S
ul

liv
an

 19
79

, G
er

ha
rt

 
an

d 
Be

rt
 2

00
8

M
en

ip
pe

 m
er

ce
na

ria
 

(M
al

e)
St

on
e 

Cr
ab

0.
70

12
.6

0.
45

6
0.

25
5

0.
19

41
3.

29
0

0.
70

Re
st

re
po

 19
89

, S
ul

liv
an

 19
79

, G
er

ha
rt

 
an

d 
Be

rt
 2

00
8



    72    |  Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide

References
Arreguin-Sanchez, F. (1999) Age and growth estimation for the white shrimp Penaeus setiferus, from the offshore 

fishery of the Northwestern Gulf of Mexico. Proceedings of the 45th Gulf and Caribbean Fisheries Institute, 
146-159.

Ayala-Perez, L. A., Ramos-Miranda, J., Tapia-Garcia, M., Salgado-Ugarte, I. H. & Miranda, G. (2006) Distribution, 
abundance and population parameters of the silver perch Bairdella chrysoura (Lacepede, 1802) (Pisces: Sciaenidae) 
in Terminos Lagoon, Campeche, Mexcio. Thalassas, 22, 9-18.

Azevedo, J. M. & Homem, N. (2009) Age and growth, reproduction and diet of the red blenny Parablennius ruber 
(Blenniidae). Cybium, 202, 129-133.

Bohnsack, J. A. & Harper, D. E. (1988) Length-weight relationships of selected marine reef fishes from the southeastern 
United States and the Caribbean. eds, pp. 31. NOAA Tech. Mem. NMFS-SEFC-215.

Boschung, H. T., Jr. and R.L. Mayden. (2004) Fishes of Alabama. Smithsonian Books, Washington, D.C.

Clemmer, G. H. & Schwartz, F. J. (1964) Age, growth, and weight relationships of the striped killifish, Fundulus majalis, 
near Solomons, Maryland. Transactions of the American Fisheries Society, 93, 197-198.

Darcy, G. H. (1983) Synopsis of biological data on the pigfish, Orthopristis chrysoptera (Pisces: Haemulidae). FAO Fisheries 
Synopsis No. 134, pp. 23. FAO.

Dawson, C. E. (1965) Length-weight relationships of some Gulf of Mexico fishes. Transactions of the American Fisheries 
Society, 94, 279-280.

Fischer, A. J. & Thompson, B. A. (2004) The age and growth of southern flounder, Paralichthys lethostigma, from Louisiana 
estuarine and offshore waters. Bulletin of Marine Science, 75, 63-77.

Florida Fish and Wildlife Conservation Commission (2010) Species account for spot (Leiostomus xantharus) in Florida. pp. 
6. Florida Fish and Wildlife Conservation Commission.

Gerhart, S. D. & Bert, T. M. (2008) Life-history aspects of stone crabs (genus Menippe): size at maturity, growth and age. 
Journal of Crustacean Biology, 28, 252-261.

Hayse, J. W. (1989) Feeding habits, age, growth, and reproduction of Atlantic spadefish Chaetodipterus faber (Pisces: 
Ephippidae) in South Carolina. Fishery Bulletin, 88, 67-83.

Hernaman, V. & Munday, P. L. (2005) Life-history characteristics of coral reef gobies. I. Growth and life-span. Marine 
Ecology Progress Series, 290, 207-221.

Hood, P. B. & Schlieder, R. A. (1992) Age, growth, and reproduction of gag, Mycteroperca Microlepis (Pisces: Serranidae), in 
the eastern Gulf of Mexico. Bulletin of Marine Science, 51, 337-352.

Hugg, D. O. (1996) MAPFISH georeferenced mapping database. Freshwater and estuarine fishes of North America. Life 
Science Software. Edgewater, Maryland, USA.

Kneib, R. T. & Stiven, A. E. (1978) Growth, reproduction, and feeding of Fundulus heteroclitus (L.) on a North Carolina salt 
marsh. Journal of Experimental Marine Biology and Ecology, 31, 121-140.



Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide   |   73

Malca, E., Barimo, J. F., Serafy, J. E. & Walsh, P. J. (2009) Age and growth of the gulf toadfish Opsanus beta based on 
otolith increment analysis. Journal of Fish Biology, 75, 1750-1761.

Manooch III, C. S. (1987) Age and growth of snappers and groupers. Tropical snappers and groupers: biology and fisheries 
management (eds J. J. Polovina & S. Ralston), pp. 329-373. Westview Press, Inc., Boulder and London.

Manooch Ill, C. S. & Matheson III, R. H. ( 1981) Age, growth and mortality of gray snapper collected from Florida waters. 
Proceedings of the Annual Conference of Southeast Association of Fish and Wildlife Agencies pp. 331-344.

McGovern, J. C., Sedberry, G. R., Meister, H. S., Westendorff, T. M., Wyanski, D. M. & Harris, P. J. (2005) A tag and 
recapture study of gag, Mycteroperca microlepis, off the Southeastern U.S.. Bulletin of Marine Science, 76, 47-59.

Minello, T. J., Matthews, G. A., Caldwell, P. A. & Rozas, L. P. (2008) Population and production estimates for decapod 
crustaceans in wetlands of Galveston Bay, Texas. Transactions of the American Fisheries Society, 137, 129-146.

Murphy, M. D. & MacDonald, T. C. (2000) Reproductive biology of sheepshead in the Northern Gulf of Mexico. pp. 50. 
Florida Fish and Wildlife Conservation Commission, St. Petersburg, FL.

Murphy, M. D., McMillen-Jackson, A. L. & Mahmoudi, B. (2007) A stock assessment for blue crab, Callinectes sapidus, 
in Florida waters. pp. 90. Florida Fish and Wildlife Conservation Commission and FIsh and Wildlfe Research 
Institute, St. Petersburg FL.

Nelson, G. A. (2002) Age, growth, mortality, and distribution of pinfish (Lagodon rhomboides) in Tampa Bay and adjacent 
Gulf of Mexico waters. Fishery Bulletin, 100, 582-592.

Radtke, R. L., Fine, M. L. & Bell, J. (1985) Somatic and otolith growth in the oyster toadfish (Opsanus tau L.). Journal of 
Experimental Marine Biology and Ecology, 90, 259-275.

Restrepo, V. R. (1989) Growth estimates for male stone crabs along the southwest coast of Florida: A synthesis of 
available data and methods. Transactions of the American Fisheries Society, 118, 20-29.

Richards, S. W., Mann, J. M. & Walker, J. A. (1979) Comparison of spawning seasons, age, growth rates, and food 
of two sympatric species of searobins, Prionotus carolinus and Prionotus evolans, from Long Island Sound. 
Estuaries, 2, 255-268.

Robins, C. R. & Ray, G. C. (1986) A field guide to Atlantic coast fishes of North America. Houghton Mifflin Company, 
Boston, U.S.A.

Smith, C. L. (1997) Tropical marine fishes of the Caribbean, the Gulf of Mexico, Florida, the Bahamas, and Bermuda. Alfred A. 
Knopf, New York.

Stunz, G. W., Linton, T. L. & Colura, R. L. (2000) Age and growth of southern flounder in Texas waters, with emphasis on 
Matagorda Bay. Transactions of the American Fisheries Society, 129, 119-125.



    74    |  Setting Objectives for Oyster Habitat Restoration using Ecosystem Services: A Manager’s Guide

Notes

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________

 ___________________________________________________________________________________________________________________________





The Nature Conservancy
URI Graduate School of Oceanography 
South Ferry Road 
Narragansett, RI 02882




