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Abstract
Climate change threatens our natural coastlines with sea level rise and increased levels of
erosion. Although various solutions exist for these climate-induced threats, shoreline protection is the
favored solution along North Carolina coasts. Currently, debate surrounds the use of unnatural
engineered shoreline protection structures. Alternatively, natural stabilization methods have been
suggested to protect shores while providing ecosystem services. Conservation organizations, such as The
Nature Conservancy, are interested in protecting threatened lands through natural stabilization
methods. Oyster reef and submerged aquatic vegetation (SAV) restoration represent two natural
stabilization techniques. However, prior to project implementation, potential restoration sites must be
identified.
This study reviews North Carolina shoreline stabilization policies and identifies suitable oyster
and SAV restoration sites. Habitat suitability indices were developed for Dare and Hyde county estuaries
through ArcMap GIS spatial analysis and NOAA’s Wave Exposure Model. Overall, less than 5% of the
study area is suitable for eastern oyster (Crassostrea virginica) restoration while about 14-15% is
suitable for widgeon grass (Ruppia maritima) and shoal grass (Halodule wrightii) restoration. Suitable
eelgrass (Zostera marina) restoration sites were also identified, but widgeon and shoal grass restoration
potential was highest. Spatial analyses and previous shoreline erosion studies were used to recommend
priority restoration sites. Managers are encouraged to identify critical conservation areas, promote
living shorelines where applicable, communicate with stakeholders, and support living shoreline permit
development. Although this study specifically informs The Nature Conservancy’s Coastal Climate
Adaptation Project, the results are relevant to all coastal stakeholders.
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INTRODUCTION
Why Shoreline Stabilization?
In the coming decades, climate change will threaten shoreline dynamics through sea level rise,
increased storm intensity, coastal inundation, and shoreline erosion. Numerous sea level rise predictions
have been published by international panels, state agencies, and climate scientists. The
Intergovernmental Panel on Climate Change (IPCC), for example, estimates a 17 to 58 centimeter (7 – 23
inch) rise in global sea level by the end of the 21st century (IPCC 2007). Local and regional sea level rise,
however, will vary depending on a number of factors, including sediment compaction, water
temperature, tides, currents, and vertical land movement such as subsidence or uplift (IPCC 2007; NC
DCM 2010). Taking those factors into account, the mid-Atlantic region remains at risk of a 10 – 31
centimeter (4 – 12 inch) rise by 2030 and 40 – 102 centimeter (15 – 40 inch) rise by 2095 (IPCC 2001;
Hopkinson et al. 2008). In response to climate threats, scientists and policymakers alike have called for
an adaptation strategy to climate change (America’s Climate Choices 2010).
In the state of North Carolina, the Coastal Resource Commission’s Science Panel on Coastal
Hazards has advised state agencies to prepare for a one meter (40 inch) rise in sea level by 2100 (NC
DCM 2010). Many organizations are publishing estimates or best guesses on sea level rise. Based on past
sea-level measurements, The National Oceanic Atmospheric Administration (NOAA) estimates North
Carolina’s mean sea level rise to be 0.28 centimeters (0.11 inches) per year, or 28 centimeters (11
inches) per century near Oregon Inlet (NOAA 2011). These numbers may differ among agencies and
locations, but scientists agree that ice melt and thermal expansion can impact shorelines, resulting in
erosion and habitat degradation (Hopkinson et al. 2008).
North Carolina’s vulnerability to sea level rise lies in the state’s geologic characteristics coupled
with development trends. A majority of the North Carolina coastal plain is positioned within 1 meter (3
feet) of sea level and has a low coastal slope (i.e. less than 9 centimeters or 3.5 inches elevation per
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horizontal mile) (Riggs and Ames 2003; Corbett et al. 2008; Titus et al. 2009; CCSP 2009). Furthermore, a
total of 5,900 km2 of its land lies below the one meter elevation mark, making North Carolina one of the
largest low-lying regions in the US (Poulter et al. 2009). The land surrounding the Albemarle Sound, for
example, only gains a few inches in elevation for every mile inland (NCCF 2009). In addition it its lowlying status, North Carolina has some of “the longest continuous segments of beach erosion and land
loss in the Southeast Atlantic region” (Morton et al. 2004, pg 28). High intensity storm events, wave
action, and sea level rise exacerbate erosion along these areas.
Historically, barrier islands (known as the Outer Banks) have offered protection to estuarine
shores from high intensity storms, hurricanes and other extreme events. The Outer Banks are dynamic
in nature and fluctuate spatially with weather and storm events. For example, Hurricane Isabel in 2003
and Hurricane Ophelia in 2005 created new inlets in the sandy barriers that altered water and wave
energy flow (Mattocks and Forbes 2008). It is their dynamic nature that allows the Outer Banks to react
to abiotic events and protect inner shores. Their dynamic nature, however, is currently threatened by
development trends.
Development trends and changes to North Carolina’s economic sector amplify the state’s sea
level rise risk. Between 1990 and 2000, the North Carolina coastal county population grew by 16%
(Poulter et al. 2009). Additionally, coastal tourism now accounts for approximately $2.6 billion per year
within the 20 coastal states (Poulter et al. 2009). When tourists flock to coastal areas for vacation,
recreation, and retirement, the consequence is development. Even with the impending threat of
shoreline loss, coastal populations steadily increase. The realities of development and tourism keep
shorelines from their natural fluctuations and alter the natural movement of the Outer Banks.
Furthermore, population and development trends increase the number of people at risk to climate
impacts and highlight the need for logical development and protection strategies. To deal with the
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realities of climate change, North Carolina policy makers must develop appropriate policy solutions that
address shoreline erosion, especially along coastlines of economic and environmental value.
Coastal Inundation and Shoreline Erosion
Environmental managers have successfully identified the most at-risk areas for erosion and
coastal inundation using aerial photography and spatial modeling programs such as GIS (Geographic
Information System). Erosion refers to “the physical removal of sedimentary material,” while inundation
refers to “the permanent submergence of land” under rising seas (CCSP 2009, pg 28). The Dare-Hyde
Peninsula is a site of particular interest since this “vast flat, upland, pocosin swampforest” has just a
“narrow zone of marsh vegetation around the outer rim” and serves as habitat for endangered and
migrating species (Riggs and Ames 2003, pg 114). Pocosin habitat includes wetlands with deep organic
soils and peat deposits (USFWS 2002). Point Peter, located on the Alligator Wildlife Refuge along a
marshland shore, has the highest average rate of shoreline erosion in the area, with an average
recession rate of about -228 centimeters (-90 inches) per year (Riggs and Ames 2003). Along with more
recent shoreline analyses, historic shoreline data has illuminated the “constant landward recession in
the Buxton and Cape Hatteras area” and the erosion trends present within the North Carolina estuarine
system at large (Riggs and Ames 2003, pg 64). These studies demonstrate erosion variability between
sites.
Erosion occurs for many reasons, including sea level rise, storm intensity, and wave energy.
Erosion rate, however, differs between sites. Spatial factors that influence erosion rate include shoreline
geometry, location, and size of the adjacent coastal body. Habitat factors, such as shoreline and coastal
vegetation types, also impact erosion dynamics (Riggs and Ames, 2003; Corbett et al. 2008). For
example, wetlands reduce erosion impacts by stabilizing sediments and migrating with the shoreline.
Therefore, wetland reduction and other large-scale ecosystem changes that impact shoreline type and
vegetation may reduce sediment stabilization (Moorhead and Brinson 1995; Corbett et al. 2008).
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Estuarine shoreline erosion is prevalent in North Carolina’s Albemarle-Pamlico region, with erosion rates
differing by site (Table 1).
Table 1. North Carolina sea level rise and erosion studies
Study

Notes

Riggs and Ames (2003)

Estuarine shoreline erosion of -91 to -97 centimeters (-36 to 38 inches)
per year occurs along mainland marsh and low sediment bank.

Zervas (2004)

Mean sea level trends increase from south to north. Overall average
mean sea level rise is 0.27 centimeters (0.11 inches) per year.

Corbett et al. (2008)

Between 1958 and 1998, the Neuse River Estuary had an average
erosion rate of -30 centimeters (12 inches) per year.
According to historic shoreline data, North Carolina's long-term average
sea level rates range from about 0.1 to 0.5 centimeters (0.2 – 0.04
inches) per year.
Presented changes in historic sea level rise, ranging between 0.1 and
0.32 centimeters (0.04 – 0.13 inches) per year, and increasing at the
start of the 20th century.
The 20th century relative sea-level rise was estimated at 0.30 to 0.33
centimeters (0.12 – 0.13 inches) per year, with acceleration in the rate
between 1879 and 1915.

Horton et al. (2009)

Kemp (2009)

Kemp et al. (2009)

Alternative Solutions to Shoreline Erosion
Management strategies for erosion control do exist and are used throughout the US. Three
primary solutions exist for minimizing shoreline erosion: retreat, accommodation, and protection (IPCC
1990). When communities retreat from the coast, they abandon efforts to protect the shoreline from
erosion and inundation. Accommodation, on the other hand, involves the continued use of the
threatened land with minimal management efforts to protect it from flooding. Instead, building
structures and land use may be altered to reduce flooding impacts on residents. Lastly, communities
may protect their coastlines via shoreline stabilization. Although shoreline stabilization protects eroding
shores from further sediment loss, it is essentially a short-term solution to sea level rise. Considering
North Carolina’s low coastal plains, inundation will eventually supersede stabilization efforts.
This last method, however, is the dominant short-term policy choice in North Carolina. The
North Carolina Division of Coastal Management defines shoreline stabilization as “the use of structures,
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vegetation, or land management practices to provide protection of a shoreline from future or existing
erosion” (NC DCM 2006, pg 1). Although the top recommendation for shoreline protection is “land
planning,” sometimes this method is not applicable, especially if the land in question has already been
altered from its natural state (Bendell 2006). In that case, shoreline stabilization involves three
alternative approaches to shoreline protection: permanent structures, temporary structures, and
natural structures (Figure A1-1). Permanent structures consist of sloped or vertical hardened structures
such as rip rap, groins, bulkheads, breakwaters, or sills, all of which alter sediment flow and dissipate
wave energy (NC DCM 2006). These approaches are also known as “coastal armoring” because the
coastline is “armored,” or protected, from wave impact. Presently, about 30% of the shoreline along the
Neuse River Estuary trunk has been hardened or modified to slow erosion (Corbett et al. 2008). While
hardened structures are considered a “permanent fix,” many of these methods actually exacerbate
erosion down-shore and generate negative impacts on otherwise natural or healthy ecosystems (Currin
et al. 2010).
The most significant negative impact from coastal armoring is habitat loss. Bulkheads and
hardened structures alter natural ecosystems through loss or degradation of fisheries nursery habitats,
intertidal habitat, submerged aquatic vegetation, and fringing marshes (Currin et al. 2010). Following
habitat degradation or loss, the local macro and micro fauna suffer. Dugan et al. (2008), for example,
found a negative correlation between armored sandy beaches and both macroinvertebrate and bird
abundance. Coinciding with habitat loss is increased turbidity in nearby waters, altered sedimentation
dynamics, and passive erosion (Dugan et al. 2008; Currin et al. 2010). Geologists and coastal scientists
consider seawalls and other hardened structures particularly damaging to natural environments (Pilkey
et al. 1998). While coastal armoring offers short-term protection to the adjacent shore, the long-term
negative impacts to the surrounding habitat may outweigh the advantages of these structures.
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Temporary stabilization methods are an alternative to coastal armoring methods and their
negative impacts. Temporary methods include sandbag placement or beach nourishment. At present,
temporary stabilization is the only choice for property owners or environmental managers seeking
shoreline protection along the North Carolina Atlantic Ocean coastline (CAMA 15A N.C.A.C. 7H.0308).
While these methods are common along North Carolina beachfront properties, they are expensive and,
by definition, temporary. Beach nourishment consists of trucking or pumping sand onto an eroding
beach. Over time, the beach will continue eroding until nourishment is again needed. Sandbag
structures can also be used to prevent further shoreline erosion. These structures are usually permitted
near “immediately threatened” structures, as defined by the Coastal Area Management Act (CAMA 15A
N.C.A.C. 7H.0308). The Coastal Area Management Act outlines rules for sandbag structure design and
site exceptions. Policy makers prefer temporary sandbag placement over permanent stabilization
because sandbags preserve natural beach coastlines; that is, when sandbags are removed, the natural
beach remains. Natural beach preservation, however, is not truly achieved sans enforcement. While
sandbag structures have just a 2 to 5 year lawful lifespan, the vast majority of these “temporary”
structures have not been removed after five years (Mabry 2009).
For the purposes of beach nourishment, sand may be dredged from lagoons, inlets, tidal deltas,
inland sources, or the continental shelf, resulting in negative impacts to the habitats from which sand is
recovered (Pilkey et al. 1998). This is a costly endeavor and requires community and government
commitment to continual replenishment. Between 1950 and 2002, more than $2.5 billion was spent on
nourishment projects in the US and federal appropriations are increasing for these projects (Smith et al.
2009). Financial commitment is critical since the steepness of nourished beaches causes them to erode
faster than their natural counterparts (Pilkey et al. 1998). As beach erosion accelerates in response to
climate change, managers will be faced with sand scarcity and increased nourishment costs (Smith et al.
2009). Beach nourishment, although temporary, is costly in terms of economic and ecosystem impacts.

7
An additional alternative to coastal armoring or engineering is “natural stabilization” (Bendell
2006). Natural stabilization methods include the use of natural elements such as oyster reefs,
submerged aquatic vegetation (e.g. seagrasses), and upland vegetation to protect shorelines and
property from wave energy. Shorelines that have undergone natural stabilization are often labeled
“living shorelines” because “natural habitat elements [are used] to protect shorelines from erosion
while also providing critical habitat for wildlife” (NC DCM 2006, pg 1). Oyster reef and submerged
aquatic vegetation restoration are most often recommended by environmental and conservation
managers because these methods also provide essential estuarine habitat for fisheries and other
wildlife. Vegetation control, or the use of “wetland or upland vegetation…to control or prevent further
erosion,” is also common since it is a cheaper alternative to all other stabilization methods (NC DCM
2006, pg 4).
A Closer Look at Natural Stabilization
Barrier island migration, which once protected the integrity of the North Carolina shoreline, is
impeded by coastal development (Boesch et al. 2000). Changes to barrier island dynamics make
development and use of effective shoreline stabilization techniques more critical than ever. This paper
focuses on two natural stabilization methods: oyster reef and submerged aquatic vegetation
restoration.
The eastern oyster (Crassostrea virginica) is an essential component of North Carolina’s
estuarine system. Oysters filter water, provide hard substrata and habitat for a variety of fish and
invertebrate species, and act as “ecosystem engineers” in the fight against rapid climate change (Jones
et al. 1994). They have stabilized shorelines in the past, successfully combatting coastal erosion (Piazza
et al. 2005; Stricklin et al. 2009). Stricklin et al. (2009) measured marsh edge growth adjacent to natural
and constructed oyster reefs in the Grand Bay National Estuarine Research Reserve. They determined
that constructed reef stabilization was equal to or greater than that of natural reefs. Unfortunately, the
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eastern oyster population has declined due to a number of factors including disease, water quality, and
harvest (Beck et al. 2009). North Carolina has worked to restore these invertebrates along the coast,
with ten oyster reef sanctuaries established to restore declining populations (Beck et al. 2009). Oyster
sanctuaries are an important piece of shoreline restoration in the state, and future reef restoration may
build off of current sanctuaries.
Oyster restoration involves building a reef-like structure. Oyster shells, cultch and/or marl are
deposited into the water to provide hard substrata for larval recruitment and oyster spat growth. Cultch
consists of hard materials such as oyster shells, clam shells, scallop shells, or gravel, while marl consists
of rocky sediment like limestone or other quarried minerals. These materials may already exist in the
water as shell hash or oyster rocks (Deaton et al. 2010). No matter the material, a hard substratum is
vital for oyster reef growth and survival.
Oysters spawn May through October, with external fertilization of gametes. Larvae drift with
estuarine currents and tides for up to three weeks before settlement. Cues for settlement include the
presence of hard substrata and the odor of dopamine, which is contained in oyster cement (Eggleston
2011). Restored reefs grow independently of human input through natural larval recruitment and may
advance towards or retreat from the shoreline. When establishing oyster sanctuaries, shells are often
deposited in mounds by dumping from boats. For shoreline stabilization projects, shells are bagged and
stacked (often by volunteers) to form a protective reef barrier along the shoreline (Eggleston 2011).
Vegetation control is another natural means of stabilizing eroding shorelines. In fact, vegetation
control is recommended by the North Carolina Division of Coastal Management for use in low sediment
banks (Bendell 2006). Some states, such as Maryland, have taken a “living shorelines” approach to
shoreline management by also introducing submerged aquatic vegetation (SAV) to improve water
quality, dampen waves, reduce wake energy, and stabilize the substratum through development of rootrhizome mats (Subramanian et al. 2006). SAV supports complex food webs, provides breeding and
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nursery areas for finfish and shellfish, and conducts sediment and nutrient filtration activities (Short and
Wyllie-Echeverria 1996). Because SAV species are dependent on water quality, they may also serve as
warning species for estuary health (Dennison et al. 1993). Due to the water filtration role of eastern
oysters and the water clarity requirements of SAV, both species may play an interactive role in shoreline
stabilization. Therefore, SAV restoration serves as an additional or alternative shoreline stabilization
method to oyster reef restoration. Time and money, however, are required for both SAV and oyster
restoration projects.
Oyster and SAV restoration techniques are markedly different. While oyster restoration requires
reef building, SAV restoration involves both transplanting and seed distribution. SAV seeds may be
collected by snorkeling, scuba diving, or a mechanical harvester (Busch et al. 2010). The method of
restoration depends on location and the SAV species of interest (Golden et al. 2010).
Costs also play a role in restoration decisions. Busch et al. (2010) discuss the high monetary and
labor costs of manual SAV transplantation via plugs, peat pots, sods, cores, or bare root plants from
healthy beds. Such costs prevent large-scale (multi-hectare) restoration. Shafer and Bergstrom (2011),
on the other hand, report low costs and minimal labor requirements for SAV seeding in the Chesapeake
Bay. Seeds have been distributed in the Chesapeake Bay through spring seed buoys and fall seed sprayer
broadcasts, with costs ranging between $6,500 and $170,000 (Busch et al. 2010). Although managers
may prefer one restoration method over another, their project budgets and volunteer base often
determine the chosen restoration method.
North Carolina’s perspective on SAV restoration differs from other states because of the state’s
extensive range of SAV species. Many SAV species exist in North Carolina waters, including bushy
pondweed (Najas guadalupensis), coontail (Ceratophyllum demersum), eelgrass (Zostera marina),
horned pondweed (Zannichellia palustris), naiads (Najas spp.), redhead grass (Potamogeton perfoliatus),
sago pondweed (Stuckenia pectinata), shoal grass (Halodule wrightii), slender pondweed (Potamogeton
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pusillus), water stargrass (Heteranthera dubia), water starwort (Callitriche heterophylla), waterweeds
(Elodea spp.), widgeon grass (Ruppia maritima) and wild celery (Vallisneria americana). Only three
species, however, are dominantly found in North Carolina’s estuaries: eelgrass (Z. marina), shoal grass
(H. wrightii), and widgeon grass (R. maritima). Because North Carolina sits at the southern limit for
eelgrass and the northern limit for shoal grass, it holds a unique opportunity for SAV restoration. North
Carolina managers are not limited by the habitat requirements of one specific species. Instead, they
have restoration options. If one habitat isn’t suitable for eelgrass, it may be so for shoal grass, or vice
versa. Widgeon grass, however, has the largest salinity range of all three species. Because of its wide
salinity range, widgeon grass may serve as the optimal grass for SAV restoration.
The Nature Conservancy Perspective
Science serves as the foundation of environmental management and is used in policy making
along with social science and economic data. The state of North Carolina initiated the North Carolina Sea
Level Rise Project in 2005 to integrate science into the policy making process. This pilot study
investigated the effects of sea level rise and storm events on coastal habitats within the Neuse River and
the Pamlico, Back, and Core Sounds. Researchers modeled the effects of storm surge on marshes,
submerged aquatic vegetation (SAV), oyster, and coastal habitats (NOAA 2009). The Nature Conservancy
(TNC) has built off of this research through a Coastal Climate Adaptation Project.
In 2009, TNC initiated a Coastal Climate Adaptation Project, part of the Kill Devil Hills, NC office
agenda to address the reality of sea level rise and shoreline erosion along conserved lands of North
Carolina. In the initial stages of this project, managers identified at-risk erosion sites within the
Albemarle-Pamlico estuary, as well as potential shoreline stabilization sites (Patel 2009; Patel 2010).
Shoreline change and erosion analysis is conducted by comparing shoreline data from consecutive years
at sites of interest. The use of aerial photography is the most common data source for shoreline analysis
(Boak and Turner 2005; Corbett et al. 2008), and was used by TNC to conduct shoreline analyses along

11
segments of Dare and Hyde County (Patel 2009; Patel 2010). Following erosion analysis, TNC initiated
sub-projects within the Alligator River National Wildlife Refuge (NWR) to investigate the success of salttolerant trees and water control structures. An oyster reef restoration project was also initiated to test
the potential for oyster reef restoration along all high-risk erosion areas in the Refuge. About 500 feet of
oyster reef was constructed along Point Peter road to slow currents, dissipate wave energy, and reduce
erosion (Morrison 2011). Oyster shells and marl were used to create reefs about 10 feet wide and 3 feet
tall.
Because hardened stabilization structures can impact erosion and sediment dynamics downshore, TNC supports the use of oyster reef and SAV restoration along high-risk erosion areas –
particularly along NWR coastlines. TNC recognizes that shoreline stabilization is a short-term solution for
true inundation along the North Carolina coast. The Coastal Climate Adaptation Project, however, was
initiated to delay impacts of climate change and lengthen the adaptation period for landward species,
such as the black bear or red wolf. Natural stabilization strategies may buy enough time for species to
adapt to climate change impacts or for inland retreat of key terrestrial species. Adaptation rates depend
on the species of interest, but inland retreat may be utilized by any terrestrial species under threat.
Building off of TNC objectives, this paper will discuss shoreline stabilization policies and recommend
natural stabilization sites within the Albemarle-Pamlico estuary. Recommendations are based on oyster
and SAV habitat requirements, management logistics, and GIS spatial analyses.

COASTAL NORTH CAROLINA POLICY REVIEW
Addressing Stakeholders
Coastal adaptation to climate change is a human choice made to protect what we as humans
value. Human coastal migrations and coastal development patterns represent the value we place on
coastal property. Ironically, it is those very actions that impact coastal dynamics and may threaten
coastal living in the future.
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In order to address these ecological and social realities, North Carolina policymakers have
regulated shoreline stabilization methods. For example, the Coastal Area Management Act (CAMA)
prohibits seawalls, breakwaters, bulkheads, groins, jetties, revetments, or similar permanent hardened
structures along the Atlantic Ocean shoreline (CAMA 15A N.C.A.C. 7H.0308). This policy was developed
to conserve natural beaches for tourism purposes. A larger variety of stabilization structures are allowed
along estuarine shores since they attract less tourism activities. The stabilization structure depends on
site properties, such as wave energy or erosion rate. Property owners and stakeholders may choose the
appropriate stabilization method. Their individual choices will further impact this dynamic estuarine
system. Stakeholders include the general public, homeowners, businesses, developers, farmers,
fishermen, boaters, marinas, land-planning agencies, real estate developers, timber and agriculture
corporations, non-profit conservation organizations (i.e. The Nature Conservancy), researchers,
academic institutions and federal agencies, among others. This long list of stakeholders stems from the
complex coastal land ownership patterns present and interest group focus throughout the state (Poulter
et al. 2009). Stakeholders are involved and invested in shoreline stabilization policies due to concerns
over access, property protection, conservation, recreation, tourism, security, and livelihood.
Conservation organizations are particularly involved in shoreline stabilization because erosion
along North Carolina shores threatens National Wildlife Refuges and essential fisheries habitats.
Currently, NOAA and the North Carolina National Estuarine Research Reserve are conducting a shoreline
stabilization study to evaluate alternative stabilization methods (NC Coastal Reserve 2007). Federal and
State agencies, such as the US Fish and Wildlife Service, Army Corps of Engineers (Army Corps), US
Department of Defense, and North Carolina Department of Environment and Natural Resources, are also
involved in regulating stabilization methods via policy development and permit allocation. Furthermore,
federal and state agencies participate through management of National Wildlife Refuge sites and
conserved lands. Similar objectives have led to partnerships between conservation organizations and
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federal and state agencies. Stakeholder interactions and cooperation are vital as North Carolina
develops new or updates existing stabilization policies.
State Policies
All shoreline stabilization projects are subject to state and federal policies, which regulate
stabilization structure materials and location. The fundamental North Carolina policy concerning
shoreline stabilization and coastal development is the 1974 Coastal Area Management Act (CAMA).
CAMA establishes a “cooperative program of coastal area management between local and State
governments” where local governments regulate planning and state governments establish areas of
environmental concern, as well as provide support and reviews for local government projects (CAMA,
113A-101). CAMA was developed in response to the 1972 Coastal Zone Management Act (CZMA), which
encourages or stimulates state coastal zone planning and the development of management regulations
by providing federal funding incentives. This Act provides a planning template, requires state-federal
consistency, and highlights state power for defining individual “coastal zones” and developing
management strategies.
Under CAMA, North Carolina policymakers developed a Coastal Resources Commission and
Division of Coastal Management within the North Carolina Department of Environment and Natural
Resources (DENR). The Coastal Resources Commission is charged with developing rules and policies to
“safeguard the state’s beaches, inlets, marshes and estuaries” (NCCF 2009, pg 4). In collaboration with
the Coastal Resources Commission, the Division of Coastal Management “works to protect, conserve
and manage North Carolina's coastal resources through of planning, permitting, education and
research” (DCM 2008a). Permits for shoreline development and stabilization structures are issued
through Division of Coastal Management state-wide offices.
DENR also regulates habitat protection through the Division of Marine Fisheries (DMF), a
division under the Assistant Secretary for Natural Resources. DMF policies are developed by a Marine
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Fisheries Commission, which works with the DENR Secretary. DMF’s mission is to ensure “sustainable
marine and estuarine fisheries and habitats for the benefit and health of North Carolina” (NCDENR
2011a). In order to achieve this mission, DMF developed the Coastal Habitat Protection Plan. North
Carolina contains 2.5 million acres of estuarine and marine waters, all of which serve as spawning,
nursery, and feeding areas for valuable fisheries (NC DMF 2011). The Coastal Habitat Protection Plan
ensures the protection of fisheries habitats such as wetlands, submerged aquatic vegetation and shell
bottom, among others (Deaton et al. 2010). Under the Fisheries Reform Act of 1997, rule-making
commissions such as the North Carolina Division of Water Quality’s Environmental Management
Commission, DMF’s Marine Fisheries Commission, and the Division of Coastal Management’s Coastal
Resources Commission are required to cooperate in the development, adoption, and implementation of
fisheries habitat protection plans.
Because interagency cooperation is required for fisheries habitat protection, the Coastal
Resources Commission has developed rules that require activities in public trust waters to avoid
significant adverse impacts to submerged aquatic vegetation and other fisheries habitat as defined by
the Marine Fisheries Commission (general use standards 7 H .0208). Therefore, shoreline stabilization
projects must ensure limited effects on essential fisheries habitats. The Coastal Resources Commission
chairman has also established an Estuarine Shoreline Stabilization Subcommittee, which revised the
estuarine shoreline stabilization rules to encourage alternatives to the vertical stabilization structures
(DCM 2008b). In this way, fisheries habitat protection and shoreline stabilization regulations are
intrinsically connected.
In addition to CAMA and Coastal Habitat Protection Plan guidelines, state agencies must follow
the North Carolina Environmental Policy Act of 1971 (NCEPA). NCEPA is the state’s version of the
National Environmental Policy Act of 1969 (NEPA). Like NEPA, NCEPA requires state agencies to conduct
environmental assessments prior to making development decisions. Reviews are required if public
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monies or land are involved or if the proposed action risks impacts to the surrounding environment
(NCEPA 2005). The results of the Environmental Assessment are transferred to the Division of Coastal
Management, where the NCEPA coordinator will distribute the assessment to various DENR agencies for
review. Through the DENR review process, it is determined if the project requires the preparation of an
Environmental Impact Statement.
Federal Policies
While the majority of coastal development projects are managed by the state, there are a few
cases where federal policies dictate shoreline stabilization efforts. One example of federal involvement
is the management of National Wildlife Refuge (NWR) coastlines. As mentioned previously, three NWRs
exist along the coast of the Albemarle-Pamlico estuary and these refuges are managed by the US Fish
and Wildlife Service. In the case of NWR shoreline stabilization, five federal policies dictate allowable
actions. First, through the Coastal Zone Management Act (CZMA), the federal consistency provision
requires that any federal actions abide by state coastal regulations. Any actions along North Carolina
coasts that require a federal permit or license, or that are utilizing federal monies, are held to the
federal consistency provision. These projects must be approved by the Division of Coastal
Management’s Federal and State Consistency Review Coordinator in order to acquire a federal
consistency permit. In addition to the federal consistency review, environmental reviews and the
completion of environmental impact statements are required through the National Environmental Policy
Act (NEPA) in order to assess the potential environmental impacts of federal actions prior to decisionmaking.
Along with CZMA and NEPA, the Clean Water Act of 1972 (CWA), Rivers and Harbors Act of 1899
(RHA), and Endangered Species Act of 1973 (ESA) play roles in regulating actions along federally
managed coastlines. CWA gives the Army Corps of Engineers (Army Corps) the right to regulate dredge
or fill activities within any federally regulated waters, streams, or wetlands (CWA Section 404).
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Therefore, a federal permit is required if shoreline stabilization projects are occurring along or within
wetlands of a NWR. For example, The Nature Conservancy’s first oyster reef restoration project at Point
Peter was within a wetland environment of Alligator River NWR. Consequently, a federal permit was
required to ensure limited impacts to water quality in the area (USFWS 2011a). The Army Corps also has
authority through the RHA and ESA to regulate any activities within or that may impact US navigable
waters.
The following section will elaborate on the state and federal permitting process for North
Carolina shoreline stabilization. The length and intricacy of the permitting process is usually influenced
by project location, stabilization methods, and structure materials.
Institutions, Permitting and Beyond
In order to address the problem of shoreline erosion with a “shoreline stabilization” solution,
concerned parties must apply for and receive state and/or federal permits. Permit applicants may
include home owners, property owners, businesses, communities, developers, state agencies, federal
agencies, or conservation organizations. In the case of protecting NWR shorelines, the US Fish and
Wildlife Service often applies for both federal and state permits jointly with any project collaborators,
such as The Nature Conservancy (TNC).
1. State Permitting Structure
North Carolina’s Department of Environment and Natural Resources (DENR) is the primarily
agency responsible for shoreline stabilization regulation within the state. Within the DENR
organizational structure, the Division of Coastal Management develops guidelines and issues permits for
stabilization projects, all of which are influenced by fisheries habitat protection guidelines developed
within the Division of Marine Fisheries (DMF). DENR issues three types of permits: general, major, and
minor (DCM 2008c). General permits are required for routine coastal projects that pose little or no
threat to the surrounding environment, while major permits are required for coastal projects that
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require other state or federal permits, as well as projects that cover over 20 acres. Minor permits are
issued for any shoreline projects that don’t fall under the general or major permit categories. The key
difference between general and major permits is the project review process. All major permits, for
example, are reviewed by ten state agencies and four federal agencies prior to decision making. While
general permits are the most common for shoreline stabilization projects, major permits are mandatory
for stabilization within Areas of Environmental Concern, as defined by the Coastal Resources
Commission through the Coastal Area Management Act (CAMA). Areas of Environmental Concern are
designated based on their ecological and recreational value, as well as on the degree of their
vulnerability to a changing climate or environment. Some Area categories include estuarine and coastal
systems (i.e. estuarine waters, coastal wetlands, public trust areas, estuarine and public trust
shorelines), ocean hazard areas (i.e. beaches, frontal dunes, inlet lands), small surface water supply
watersheds and public water supply well fields, and other fragile resource areas (CAMA 15A N.C.A.C.
7H).
The use of uncommon fill material within the stabilization structure may require a more
thorough review. The Division of Coastal Management, for example, required TNC to obtain a major
permit for its oyster reef restoration project along Point Peter due to the uncommon nature of their
choice stabilization material. The material of concern consisted of plastic bags filled with oyster shells
and marl. DMF has multiple oyster restoration programs, such as the Under Dock Oyster Culture
Program, Oyster Sanctuaries Program, Oyster Shell Recycling Program, and Shellfish Rehabilitation
Program (DMF 2011). These programs, however, are primarily for live oyster restoration and have no
shoreline stabilization goals. It is vital to note the difference and separation between the use of oysters
for shoreline stabilization and the use of oysters for oyster restoration and harvest. DENR provides
bottom and water column leases for oyster cultivation as long as the area is open, does not contain
natural oyster beds, and does not impact the rights of others (NC G.S. 113-202). These leases, however,
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do not apply to living shoreline stabilization structures. This “separation paradigm” found between
oyster restoration and shoreline stabilization is also found within submerged aquatic vegetation
restoration endeavors. Unfortunately, CAMA has yet to incorporate the “living shoreline” approach into
its permitting system. Most of the permitting rules are specific to coastal development; for example, the
construction of bulkheads, revetments, groins, or sills made of timber, sheetpile, vinyl, or steel (DCM
2008d). While the Division of Coastal Management has not yet developed a streamlined permitting
approach to living shorelines and similar natural stabilization projects, the North Carolina Living
Shorelines Law of 2003 (HB 1028) grants the Coastal Resources Commission permission to develop a
general permit for living shoreline projects. The current disconnect between shoreline stabilization and
habitat restoration can be breached if the Coastal Resources Commission acts on this law.
To initiate a shoreline stabilization project, the interested party must first apply for a permit
(Figure A1-2). General permits can often be submitted within the region’s local CAMA office, while major
permits must pass through the regional Division of Coastal Management field office. In the case of Dare
County, general permit applications may be sent to the local town CAMA permit officer. In the case of
Hyde County, however, all permit applications must be submitted to the Washington Division of Coastal
Management Field Office. Local CAMA offices or the Division of Coastal Management regional field
office will then make a decision regarding the stabilization project based on Coastal Resources
Commission rules and guidelines. Site meetings and inspections by Division of Coastal Management staff
and DENR representatives are required, and the adjacent property owners must be notified. If a permit
is denied, the applicant may ask the Coastal Resources Commission for a variance or an appeal. By
requesting a variance, the applicant recognizes the legal restrictions but seeks an exception to the rules.
While variances are handled by the Coastal Resources Commission, appeals are handled by the Office of
Administrative Hearings. In these cases, a judge issues the final permit decision to the Coastal Resources
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Commission. A more detailed outline of the permitting process can be found on the Division of Coastal
Management website (DCM 2008e).
2. Federal Permitting Structure
Additionally, federal permits may be required for actions along the North Carolina coastline if
the project occurs within federally managed wetlands, streams or waters, or if the project takes place
within navigable waters. Navigable waters are “those waters of the United States that are subject to the
ebb and flow of the tide shoreward to the mean high water mark, and/or are presently used, or have
been used in the past, or may be susceptible to use to transport interstate or foreign commerce,” as
defined by the Army Corps of Engineers (Army Corps; 33 CFR Part 322). In the case of potential impacts
to navigable waters, a Section 10 permit must be issued by the Army Corps Regulatory Field Office
(Figure A1-3). The statewide Wilmington Regulatory Division is responsible for Dare and Hyde counties.
Section 404 permits, on the other hand, are necessary for activities impacting federally regulated
wetlands, streams, or waters. The Army Corps has regional field offices that handle these requests.
Within Dare or Hyde County, applicants must submit permit applications to the Washington Regulatory
Field office within the Washington District. If the permit is denied, the applicant may then appeal to the
Division engineer. A more detailed outline of the permitting process can be found on the North Carolina
Department of Environment and Natural Resources website (NCDENR 2011b).
By following the state and federal permitting process, applicants are assured that their
stabilization projects adhere to Coastal Area Management Act rules and guidelines, and that the
structure itself has limited environmental impacts. Conservation-oriented organizations like The Nature
Conservancy must have a thorough understanding of the above North Carolina stabilization policies and
Division of Coastal Management permitting regulations prior to initiating natural stabilization projects.
Furthermore, appropriate stabilization sites must be chosen before permit application.
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ASSESSING COASTAL HABITAT FOR NATURAL STABILIZATION
Shoreline protection is currently underway along North Carolina’s coastline. If environmental
managers or conservation organizations choose to pursue natural shoreline stabilization techniques,
then they must determine where natural stabilization is most likely to succeed. In order to choose
appropriate stabilization sites, oyster and submerged aquatic vegetation (SAV) habitat suitability indices
are required. These indices yield predicted oyster and SAV habitat maps. Habitat maps can then be used
to match at-risk erosion sites with the appropriate stabilization technique (i.e. oyster reef or SAV bed
restoration).
The goal of this assessment is to identify potential natural stabilization sites along Dare and
Hyde counties. The assessment will inform environmental managers and other stakeholders about the
spatial potential for natural stabilization in North Carolina waters. The assessment incorporates 4
objectives. First, conduct a habitat criteria literature review for applicable oyster and SAV species.
Second, develop habitat suitability indices based on species literature reviews and management
constraints. Third, develop species habitat maps through GIS spatial analyses. Fourth, present
recommendations to guide environmental managers in site selection and project development for
future natural stabilization projects.

STUDY SITE
Dare and Hyde County, NC
North Carolina is found in the southeastern region of the United States between the Atlantic
Ocean and the Appalachian Mountains. It covers about 48,700 square miles of land and has a population
of 9,535,483 individuals, as of 2010 (U.S. Census Bureau 2011). Dare and Hyde counties are two of the
twenty coastal counties that are subject to the Coastal Area Management Act (DCM 2007). Both
counties span large portions of the Albemarle-Pamlico estuary, the second largest estuary in the United
States after the Chesapeake Bay. Dare County encompasses about 384 square miles of land, while Hyde
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County encompasses about 612 square miles (U.S. Census Bureau 2011). Both include portions of the
Outer Banks and three of North Carolina’s coastal National Wildlife Refuges (Figure A2-1).
National Wildlife Refuges
Five National Wildlife Refuges (NWRs) are located within Dare and Hyde counties, although only
3 are applicable to this study. The Nature Conservancy (TNC) targets coastal NWRs through coastal
conservation projects. The Alligator River NWR is located on the Albemarle-Pamlico Peninsula and
encompasses about 154,000 acres within both counties. The refuge protects pocosin wetlands and
serves as habitat for a variety of species including black bears, American alligators, otters, shorebirds,
and songbirds, among others. The Alligator River, Intracoastal Waterway, Pamlico Sound, Albemarle
Sound, and Long Shoal River surround the Alligator River NWR (USFWS 2011b). TNC has already initiated
oyster reef restoration along highly eroding areas of this refuge, namely along Point Peter.
Pea Island NWR is located within the Outer Banks of Dare County on the northern end of
Hatteras Island. The refuge is bordered by Pamlico Sound from the west and the Atlantic Ocean from the
east. The Pea Island refuge protects 13 miles of ocean beach, loggerhead sea turtle nesting habitat, and
a variety of migrating bird species (USFWS 2011c). In fact, nearly 400 bird species can be found within
the 5,834 acre refuge. Ocean beach, dunes, fresh and brackish water ponds, salt flats, and salt marshes
are present within the refuge boundaries. Swanquarter NWR also sits along the Pamlico Sound.
Swanquarter NWR consists of brackish marsh and forested wetlands. This 16,411-acre refuge protects
endangered species and waterfowl habitat (USFWS 2011d).
The Estuarine System
Coastal North Carolina includes eight bodies of water, commonly referred to as “sounds,” along
with a network of rivers and streams. The Albemarle and Pamlico sounds make up the AlbemarlePamlico estuary. The Albemarle-Pamlico is a drowned-river estuary; in other words, it is the product of
stream valley flooding and sea level rise (Corbett et al. 2008). Like many other estuaries, it has a

22
dynamic shoreline. Dare and Hyde counties, as part of the Northern Province, are characterized by a
Pliocene-Quatemary geologic framework, gentle slopes, and wind-tide and wave dominated estuaries
that are irregularly flooded (Riggs and Ames 2003). Storm-tide processes, such as high energy tide and
wave transfer during storms, are also present within the estuaries (Riggs and Ames 2003). Salinities
within the Albemarle and Pamlico sounds vary widely, with freshwater input from the Piedmont and
Coastal Plain draining rivers, and saltwater input through the Outer Banks inlets. Sand, peat, and
organic-rich mud sediments are found throughout the system. While the Chowan and Roanoke rivers
run into the Albemarle Sound, the Tar River feeds the Pamlico Sound. Overall, the Albemarle-Pamlico
estuary is highly dynamic in nature, with high energy inputs from storm events, waves, and tidal
influences, despite the Outer Banks energy barrier.

METHODS
Quantitative data analyses were performed with the GIS software program ArcMap 10.0 to
interpolate water quality data, develop habitat suitability indices for oyster and submerged aquatic
vegetation (SAV) species, and spatially analyze potential habitat sites. Environmental data were
collected from a variety of state and academic sources (Table 2). Salinity, temperature, dissolved
oxygen, and secchi depth data were imported into GIS using latitude longitude coordinates and selected
by season for analysis (Figures A2-2, A2-3, A2-4, and A2-5).
Building on previous habitat suitability models, habitat suitability indices were developed under
spatial constraints to inform specific restoration recommendations (Cake 1983; Oldham et al. 2000;
Brown et al. 2011). The analysis was divided into two sections: oyster reef habitat suitability and SAV
bed habitat suitability. The results of this study are not directly applicable to broader coastal areas, but
the methods of site prioritization and restoration may inform actions in surrounding coastal lands,
whether private or conserved.
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Table 2. Data contributors
Data

Year

Source

Salinity (ppt)

2000 - 2011

NC DMF; EPA; NC CMN

Temperature (˚C)

2001 - 2011

NC DMF; EPA; NC CMN

Dissolved Oxygen (mg/L)

2002 - 2011

NC DMF; EPA; NC CMN

Secchi Depth (m)

2000 - 2011

NC DMF; EPA; NC CMN

Wind data (m/sec)

2010 - 2011

NOAA National Data Buoy Center

Bottom Substrate

2011

NC DMF

SAV Presence

2006 - 2008

SAV Partnership

Historic SAV Presence

2009

NC DMF

Oyster Cultch Sites

2010

NC DMF

Oyster Sanctuaries

2009

NC DMF

Shellfish growing areas

2011

DENR; nconemap.com

Winslow historic oyster reefs

2004

TNC

Wildlife Refuge Boundaries

2011

U.S. FWS

National Wetlands Inventory

1999

U.S. FWS

Hydrology

2002

NC CGIA

Albemarle Bathymetry

1998

NOAA

Pamlico Bathymetry

2000

NOAA

State-owned Lands
Federal Land Ownership

2010
2006

NC Dept. of Administration; nconemap.com

NC Boundary

2010

Department of Transportation

NC County Boundaries

2000

U.S. Census Bureau

NC inlets

2011

Google Earth

NC CGIA; nconemap.com

NPDES sites
2006
NC DENR
Abbreviations: NC DMF (North Carolina Division of Marine Fisheries); EPA (Environmental Protection Agency); NC
CMN (North Carolina Citizens Monitoring Network); NOAA (National Oceanic and Atmospheric Administration);
DENR (Department of Environment and Natural Resources); TNC (The Nature Conservancy); NC CGIA (North
Carolina Center for Geographic Information and Analysis).

Oyster Reef Habitat Suitability
Habitat criteria were identified for the eastern oyster through a literature review and personal
communications with researchers and environmental managers. Important habitat criteria include
bottom substratum, temperature, salinity and dissolved oxygen levels, among other suitability factors
(Table 3). Restoration limits and priorities were also taken into account during the habitat suitability
index (HSI) development, such as prioritizing areas adjacent to wetlands and areas of limited depth (i.e.
less than 2 meters). Additionally, the HSI incorporated both stable and variable habitat requirements.
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The presence of rocky bottoms or hard substratum is required for all oyster populations and
remains a stable predictable habitat parameter (Galtsoff 1964; Burrell 1986; Wallace 2001; Barnes et al.
2007; Deaton et al. 2010). Some environmental conditions, however, are suitable throughout a range of
values. For example, optimal habitat characteristics and toleration cut-offs change throughout oyster
development from larvae to adults (Cake 1983; Barnes et al. 2007). Dekshenieks et al. (1996) reports the
optimal larvae salinity as 17.5 – 25ppt and temperature range as 15 – 35˚C. Adult oysters exhibit
different habitat requirements. Eastern oysters are found throughout the polyhaline (18 -30ppt) and
mesohaline (5 – 18ppt) salinity range, although growth, reproduction, and survival may be limited along
range edges (Galtsoff 1964). A large range of suitable temperatures also exists (1oC – 36oC), although a
higher degree of water filtration occurs at the optimal 25 – 26oC range (Galtsoff 1964). Dissolved oxygen
levels are likewise vital to oyster survival, although these invertebrates can switch to anaerobic
metabolism for extended periods (up to 5 days) under hypoxic conditions (Kennedy 1991; Rabalais and
Turner 2001). Deaton et al. (2010) report the importance of at least 1 – 2 mg/L dissolved oxygen for
oyster survival.
Because every estuarine system is variable, single point habitat criteria are not appropriate.
Therefore, ranges of optimal water quality from the North Carolina Coastal Habitat Protection Plan were
identified and used throughout the analysis. Optimal ranges for oyster restoration are 14 – 28ppt for
salinity, 10 - 30˚C for temperature, and a dissolved oxygen level of at least 2 mg/L (Deaton et al. 2010).
Exposure to protozoan pathogens such as Perkinsus marinus (Dermo) and Haplosporidium nelsoni (MSX)
in higher salinity and temperature conditions were also considered (La Peyre et al. 2006; DMF 2008;
Deaton et al. 2010). These diseases result in reduced growth and fecundity, eventually leading to tissue
lysis and death (Ford and Tripp 1996; Deaton et al. 2010). Dermo in particular has been the main cause
of adult oyster mortality in North Carolina, and oysters are susceptible to it at salinities greater than 20
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ppt and temperatures greater than 20 ˚C (DMF 2008). Therefore, areas with salinities and temperatures
greater than 20 were designated as less suitable for oyster reef restoration.

Table 3. Eastern oyster habitat requirements and suitability factors
Factors
Habitat Criteria

Source

Salinity

14 - 28 ppt with disease susceptibility at
levels > 20ppt

Deaton et al. 2010

Temperature

10 - 30 ˚C for adults; 15 - 35˚C for larvae

Deaton et al. 2010 Dekshenieks et al. 1996

Dissolved Oxygen

> 2.0 mg/L

Bottom Sediment

Hard and Firm Sediment preferred

Bottom Cover

Non-vegetated areas

Deaton et al. 2010
Galtsoff 1964; Burrell et al 1986; Wallace
2001; Barnes et al. 2007; Deaton et al.
2010
TNC Managers

Distance from oyster cultch

Most suitable within dispersal ranges from cultch.
Ranges depend on location

C. Cudaback, Personal Communication
2011

Distance from oyster
sanctuaries

Most suitable within dispersal ranges from
sanctuaries. Ranges depend on location

C. Cudaback, Personal Communication
2012

Distance from inlets

Not suitable near inlets due to predation in saline
waters

Gunter 1955; Wells 1961; Bahr and Lanier
1981; Deaton et al. 2010
TNC Managers

Distance from NPDES

Most suitable near historic oyster reefs
Most suitable near wetlands for restoration
efforts
Not suitable within 100 meters

Shellfish Growing Area Status

Less suitable in closed shellfish growing areas

TNC Managers

Distance from Historic Reefs
Distance from Wetlands

TNC Managers
Romano 2007, thesis

The oyster HSI scaled from 0 to 1, with 1 designating the most suitable areas and 0 designating
areas not suitable for reef restoration. Intermediate index values were also used to scale more
complicated habitat characteristics. Throughout the analysis, the Ordinary Kriging interpolation method
was used to interpolate salinity (Figure A2-6), temperature (Figure A2-7), and dissolved oxygen (Figure
A2-8) data across the study area with a 10,000 meter radius and spherical semiovariogram. Prior to
interpolation, all data were separated into four “season” files (December – February; March – May; June
– August; September - November) to determine habitat suitability by season.
Twelve factors were included in the oyster HSI (Table 3; see Appendix 3 for indexing specifics).
The Euclidean Distance tool was used to find the distance from index factors, and the Feature to Raster
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tool was used to convert all other inputs into 30 x 30 meter rasters for analysis. All data were imported
into GIS with the NC StatePlane NAD83 Projection. The Reclassify tool was used to re-value cells
according to the suitability index and the raster calculator was used to combine values for the seasonal
and seasonally integrated HSIs. The following formula was used to compute the seasonal and seasonally
integrated HSIs:

HSI = ((SI1 * SI2 * SI3 * SI4 …SIn)1/n)
n = number of factors, which include salinity, DO, temp, depth, etc.
SI = suitability index factor
This formula calculates the geometric mean, or average suitability, so that suitability of each
raster equals 0 when any one term in the model is 0. The index was based on US Fish and Wildlife
Service HSI modeling (USFWS 1980; USFWS 1981; Oldham et al. 2000; Brown et al. 2011). Original
indices were computed from 0 to 100 due to limitations of the Reclassify Tool. Then, all the raster
calculator models were run with the “float” math expression and appropriate divisions were used to
display the index between 0 and 1.
Potential oyster reef restoration sites based on water quality alone were limited due to gaps in
water quality data. Therefore, the analysis was broken up into four seasonal analyses. Areas with
missing data were indexed as least suitable (i.e. 0.25), so as not to eliminate them prematurely.
Following the development of seasonal HSIs, a seasonally integrated oyster habitat map was created by
combining seasonal analyses. The same HSI formula was used to estimate annual oyster habitat
suitability, with formula parameters consisting of fall, winter, spring, and summer HSIs (i.e. HSI = ((Fall
HSI * Winter HSI * Spring HSI * Summer HSI)1/4).
SAV Bed Habitat Suitability
Submerged aquatic vegetation (SAV) habitat is defined as submerged lands “vegetated with one
or more species of submerged aquatic vegetation…These areas may be identified by the presence of
above-ground leaves, below-ground rhizomes, or reproductive structures associated with one or more
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SAV species and include the sediment within these areas” or submerged lands that “have been
vegetated by one or more…species… within the past 10 annual growing seasons and that meet the
average physical requirements of water depth (six feet or less), average light availability (secchi depth of
one foot or more), and limited wave exposure that characterize the environment suitable for growth of
SAV” (2009 MFC rule 15A NCAC 03I .0101 (4)(i)). Taking this definition into account, a similar analysis
was conducted to create SAV habitat suitability indices (HSIs) for the most prevalent SAV species found
in the Albemarle-Pamlico estuarine system (i.e. eelgrass, shoal grass, and widgeon grass). Habitat
suitability designations and mapping efforts will add to previous mapping studies by the Division of
Marine Fisheries, Elizabeth City State University, and the North Carolina Division of Water Quality.
Currently, about 360 km2 (9%) of the study area is covered by SAV.
SAV species have varying salinity and turbidity requirements, as well as different optimal
bathymetry ranges (Deaton et al. 2010). Therefore, habitat criteria were identified for three SAV species
through a literature review and personal communications with researchers and environmental
managers (Tables 4 – 6). Eelgrass and shoal grass thrive in high saline environments (18 – 30 ppt), while
widgeon grass (R. maritime) thrives in moderate (5 – 18 ppt) salinities and survives in high and
low/freshwater (0 – 5ppt) saline environments. Turbidity (i.e. water clarity) requirements also differ
between species. Although turbidity can be measured through TTS, Chlorophyll a, percent reflectance,
or secchi depth, secchi depth was used for analysis in this study due to data availability. Eelgrass thrives
in 0.3 – 2.0 meter secchi depth areas, shoal grass thrives in 0.4 – 2.0 meter secchi depth areas, and
widgeon grass thrives in 0.2 – 1.8 meter secchi depth areas (Deaton et al. 2010). Finally, optimal depths
differ between species (Deaton et al. 2010). Eelgrass, for example, is found between 0.4 – 1.7 meters,
while shoal grass is found between 0.1 – 2.1 meters. Widgeon grass can survive at higher depths of 2.5
meters.
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Table 4. Widgeon grass habitat requirements and suitability factors
Factors

Habitat Criteria

Source

Salinity

0 - 36 ppt with an optimal range of 5 – 18 ppt

Deaton et al. 2010; Ferguson and
Wood 1994

Secchi Depth (water clarity
measurement)

0.2 - 1.8 meters

Deaton et al. 2010

Bathymetry

0.1 – 2.5 meters with a “policy range” between 0.1 and 1.8
meters

Deaton et al. 2010; 2009 MFC rule
15A NCAC 03I .0101 (4)(i)

SAV Presence

Exclude areas with dense or impounded SAV. Restoration
focus is on areas without SAV.

TNC Managers

Historic SAV Presence

Most suitable within areas of historic SAV presence.

TNC Managers

Distance from Current SAV

Most suitable near current SAV (increased dispersal).

TNC Managers

Oyster Presence (Cultch)

Most suitable far from cultch sites. Not suitable at cultch
sites.

TNC Managers

Oyster Presence
(Sanctuaries)

Most suitable far from sanctuaries. Not suitable at
sanctuaries.

TNC Managers

Wave Energy

Low to intermediate; less than 20 – 40 cm/s; or below
maximum threshold of current SAV beds (J/m)

Deaton et al. 2010; Koch 2001;
Judd et al. 2009

Table 5. Shoal grass habitat requirements and suitability factors
Factors

Habitat Criteria

Source

Salinity

8 – 36 ppt with an optimal range of 18 – 30 ppt

Deaton et al. 2010; Ferguson
and Wood 1994

Secchi Depth (water clarity
measurement)

0.4 – 2.0 meters

Deaton et al. 2010

Bathymetry

0.1 – 2.5 meters with a “policy range” between 0.1 and 1.8
meters

Deaton et al. 2010; 2009 MFC
rule 15A NCAC 03I .0101 (4)(i)

SAV Presence

Exclude areas with dense or impounded SAV. Restoration
focus is on areas without SAV.

TNC Managers

Historic SAV Presence

Most suitable within areas of historic SAV presence.

TNC Managers

Distance from Current SAV

Most suitable near current SAV (increased dispersal).

TNC Managers

Oyster Presence (Cultch)

Most suitable far from cultch sites. Not suitable at cultch
sites.

TNC Managers

Oyster Presence
(Sanctuaries)

Most suitable far from sanctuaries. Not suitable at
sanctuaries.

TNC Managers

Wave Energy

Low to intermediate; less than 20 – 40 cm/s; or below
maximum threshold of current SAV beds (J/m)

Deaton et al. 2010; Koch 2001;
Judd et al. 2009
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Table 6. Eelgrass habitat requirements and suitability factors
Factors

Habitat Criteria

Source

Salinity

10 – 36 ppt with an optimal range of 18 – 30 ppt

Deaton et al. 2010; Ferguson
and Wood 1994

Secchi Depth (water clarity
measurement)

0.3 - 2.0 meters

Deaton et al. 2010

Bathymetry

0.4 – 1.7 meters with a “policy range” between 0.1 and 1.8
meters

Deaton et al. 2010; 2009 MFC
rule 15A NCAC 03I .0101 (4)(i)

SAV Presence

Exclude areas with dense or impounded SAV. Restoration
focus is on areas without SAV.

TNC Managers

Historic SAV Presence

Most suitable within areas of historic SAV presence.

TNC Managers

Distance from Current SAV

Most suitable near current SAV (increased dispersal).

TNC Managers

Oyster Presence (Cultch)

Most suitable far from cultch sites. Not suitable at cultch
sites.

TNC Managers

Oyster Presence
(Sanctuaries)

Most suitable far from sanctuaries. Not suitable at
sanctuaries.

TNC Managers

Wave Energy

Low to intermediate; less than 20 – 40 cm/s; or below
maximum threshold of current SAV beds (J/m)

Deaton et al. 2010; Koch
2001; Judd et al. 2009

Although SAV water quality requirements differ between species, some habitat requirements
are static. For example, unconsolidated bottom substrate, such as mud, silt, sand, and other loose
sediments, is most suitable for SAV growth (Deaton et al. 2010). SAV also thrives in low to intermediate
wave energy conditions (Koch 2001).
Previous SAV habitat analyses note the importance of wave exposure when selecting restoration
sites (Tanner et al. 2011). Wave energy may influence SAV growth and survival over the short or longterm by influencing shelf-shading, epiphyte growth, sediment size, or SAV stability. For example, high
energy conditions may cause plant drag or sediment motion (Clarke 1987; Batiuk et al. 2000). SAV is
sensitive to unstable sediments and may not thrive under unstable conditions (Koch et al. 2006a).
Overall, SAV growth and survival is limited by high wave energy (Dan et al. 1998; Batiuk et al. 2000;
Robbins and Bell 2000; van Katwijk and Hermus 2000; Koch 2001). Under high energy conditions SAV
beds may be completely absent, patchy, depth restricted, or dominated by species capable of handling
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high-stress environments (Koch et al. 2006a). SAV bed edges are first eroded, followed by complete
removal of the plant from its rooted position (Batiuk et al. 2000). The resulting sediment resuspension
leads to light limitation and reduced nutrients (Batiuk et al. 2000). Alternatively, lower energy conditions
yield continuous, dense beds with a higher variety of species.
While high energy conditions from waves, tides and currents influence SAV survival, SAV beds
also influence those same parameters. In fact, SAV can reduce current velocities, attenuate waves, and
alter sediment characteristics (Batiuk et al. 2000; Koch et al. 2006a). Wave energy attenuation is one
part of the battle against rapid shoreline erosion. As SAV abundance declines, wave energy attenuation
is reduced and shoreline erosion increases (Christiansen et al. 1981; Koch 2001). Because of their ability
to alter their surrounding habitat, SAV species have been labeled “ecosystem engineers” (Koch et al.
2006b). The ability of these ecosystem engineers to influence the marine environment becomes reduced
as water levels rise and SAV becomes more susceptible to high energy events (Koch 2001). Therefore,
SAV restoration sites must be chosen carefully in respect to high energy systems.
SAV habitat suitability indices (HSIs) were scaled from 0 to 1, as in the case of the oyster index.
An Ordinary Kriging interpolation method was used to interpolate secchi depth (Figure A2-9) data across
the study area with a 10,000 meter radius and spherical semiovariogram. The NOAA Wave Exposure
Model (WEMo; Fonseca and Malhotra 2006; Fonseca and Malhotra 2010a) was used to estimate wave
energy throughout the study site (see below for wave energy and model discussion). Prior to
interpolation, all data were separated into four “season” files (December – February; March – May; June
– August; September - November) to determine habitat suitability by season. Salinity data interpolated
for the oyster HSI were used in this analysis as well.
All GIS data were compiled following the oyster HSI methods and the same HSI formula was
used to create seasonal and annual habitat suitability estimates. Eight factors were included in the
seasonal SAV HSIs (Tables 4 – 6; see Appendix 3 for indexing specifics). Areas with missing data were
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indexed as least suitable with an index value of 0.25, so as not to eliminate them prematurely. Following
the development of seasonal HSIs, final SAV habitat maps were created by combining seasonal analyses.
SAV Wave Energy Considerations and Modeling
Wave energy can be considered in habitat suitability indices (HSIs) through a number of
measurements. Kemp et al. (2004), for example, report maximum habitable velocities of 50 – 180
centimeters (20 – 70 inches) per second. Batiuk et al. (2000) suggest that intermediate current velocities
are required for growth and distribution of SAV and that those velocities should fall between 10 and 100
centimeters (4 and 40 inches) per second. Intermediate to low energy currents are beneficial because of
the boundary layer on seagrass leaves. Stagnant conditions prevent or reduce the exchange of nutrients
and carbon through the SAV surface, but intermediate conditions will foster nutrient exchange (Koch et
al. 2006a). In North Carolina, however, SAV does best in wave current conditions less than 20 – 40
centimeters (8 – 15 inches) per second (Deaton et al. 2010). In recent years, models have estimated
wave energy across study sites (Fonseca and Bell 1998). Model estimates allow for larger-scale analyses
and HSI building. Relative Exposure Indices (REIs) and Representative Wave Energy (RWE) are two such
models.
REI models output an “internally consistent relative index value,” which relates to how exposed
a site is to wind-generated waves (Fonseca and Malhotra 2006, pg 6). Wind direction, wind intensity,
and fetch are taken into account to create a unitless index (Fonseca and Malhotra 2006; Gilkerson
2008). REI allows for comparison between two sites. In a study by Fonseca and Bell (1998), increasing
REI correlated with decreasing percent cover of SAV, SAV bed perimeter to area ratio, sediment organic
content, and percent silt-clay in the Core and Back sounds near Beaufort, NC. Further analysis revealed a
clear trend between REI and SAV percent cover in multiple years (Fonseca et al. 2002). Fonseca et al.
(1998) reported distinct changes in percent cover at REI values greater or equal to 3X106. Further
studies, however, found no clear REI threshold. Nevertheless, REI is used as a component of HSIs for SAV
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restoration projects. Kelly et al. (2001) took a more conservative restoration approach and required REIs
less than or equal to 3,000 for an area to be classified as suitable. After all, there has been limited
restoration success in areas of high wave energy (Koch et al. 2006a).
While REI is a useful tool for site comparison, it does not estimate the actual wave energy
surface magnitude or bottom stress (Lewis 2005). RWE represents an alternative approach to
designating suitable SAV habitats. RWE models estimate wave energy in joules/meter wave crest
throughout the study site. Other model outputs include wave height, average wave height, wind speed,
and wind direction (Fonseca and Malhotra 2006). Suitable wave height conditions for SAV growth have
been qualitatively and quantitatively described, ranging from “wave sensitive” species to “wave
tolerant” species (Batiuk et al. 2000). While eelgrass is capable of surviving in waves up to 2 meters in
height, quantitative data for other species is limited or unavailable. RWE is estimated over an area using
wind data (meters/second), bathymetry (meters) (Figure A2-10), and shoreline characteristics. The top
5% wave energy events are extracted from wind data to estimate RWE (Fonseca and Malhotra 2006;
Viehman et al. 2011). Environmental research plans have incorporated RWE into ecosystem-based
management initiatives (RTI International 2007).
For this study, wave energy and current conditions were computed with the NOAA Wave
Exposure Model (WEMo; Fonseca and Malhotra 2006; Fonseca and Malhotra 2010a). WEMo has been
calibrated with Chesapeake Bay and Cape Lookout, NC data and determined to adequately predict wave
energy (Koch et al. 2006a; Fonseca and Malhotra 2010b). The model uses linear wave theory to calculate
wave energy and height from the top 5% wave energy events. Wind data (2010 – 2011) were
downloaded from the National Data Buoy Center website for input into WEMo. Data for the northern
half of the study site were downloaded from the Oregon Inlet station (ORIN7), while data for the
southern half of the study site were downloaded from the Hatteras station (HCGN7) (Figure A2-11).
Model parameters included a 100,000 meter fetch, 200 meter bathymetry distance, and 1,000 meter
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distribution fetch (as advised by NOAA technicians). WEMo was run under the same fall, winter, spring,
and summer timeframes as the oyster and SAV indices, and results were joined to 443 evenly distributed
points throughout the study site. Data from August 2011 were excluded due to hurricane activity in the
area. Resulting RWE estimates were incorporated into the HSI following interpolation. The Ordinary
Kriging interpolation method was used to interpolate RWE (Figure A2-12) data across the study area
with a 5,000 meter radius and spherical semiovariogram.

RESULTS
Suitable Oyster Habitat
Seasonal estuarine conditions severely limited oyster restoration opportunities within the
Albemarle-Pamlico. Of the entire 4,035 km2 area, about 12% was suitable in fall, 11% in spring, and 12%
in summer; however, only 5% was suitable in winter (Table 7 and Figure A4-1). A seasonally integrated
oyster habitat map (Figure A4-2) indicated that only about 4.6% of the study area is suitable for oyster
restoration. Of that suitable area, 99% had HSI values ≥ 0.50, indicating that most identified sites are
very suitable and will support oyster reefs while current environmental conditions persist.
Table 7. Oyster habitat suitability seasonally and annually within Dare and Hyde counties
Season

Suitable Area (km²)

% Suitable Area

Fall

481

12

Winter

205

5

Spring

456

11

Summer

470

12

Year-round

184

5

Oyster habitat in Dare County is most suitable from Stumpy Point Bay north to Point Peter Road
and southeast of Wanchese to Oregon Inlet. Some suitable area lies within the sound between Oregon
inlet and just north of Rodanthe. Oyster habitat in Hyde County, on the other hand, is only suitable
along the coastlines. Suitable habitat lies from Pains Bay to just north of Wysocking Bay, within
Swanquarter and Rose Bay, and along the Abel Bay coastline.
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Suitable SAV Habitat
High-energy sites are unsuitable submerged aquatic vegetation (SAV) habitat, and energy is an
important consideration for timing and success of restoration activities. Based on seasonal wave heights
calculated using WEMo analysis, SAV habitats are exposed to the highest average wave heights in
summer and fall (Table 8), suggesting that restoration success will be greatest when plantings are
undertaken in winter and spring.

Table 8. Wave height data (calculated for 443 point locales in Albemarle-Pamlico Sound).
Heights of less than 1.5 m (60 inches) are possible in sound centers during high-energy events
(Amit Malhotra, Unpublished Communication 2012), validating the wave height calculations.
Season

Average of maximum wave heights (meters)

Fall

1.37

Winter

1.02

Spring

1.14

Summer

1.23

Restoration success will also depend on the chosen SAV species since habitat suitability
coverage differed between widgeon grass, shoal grass, and eelgrass within the study area. Suitable
widgeon and shoal grass habitat covered 15% and 14% of the study area, respectively, while suitable
eelgrass habitat covered only 6% (Figures A4-3, A4-4, and A4-5). Therefore, widgeon and shoal grass had
the highest restoration potentials within the Albemarle-Pamlico, while eelgrass had a similar restoration
potential to that of eastern oysters. Habitat suitability can be displayed by season or annually (Table 9).
Of the entire 4,035 km2 area, about 17% was suitable for widgeon grass in fall and summer, and 18 % in
winter and spring (Figure A4-6). Shoal grass habitat suitability was about 16% in fall and spring, 18% in
winter, and 14% in summer (Figure A4-7). Eelgrass habitat followed with about 8% suitability in winter
and 7% suitability in fall, spring, and summer (Figure A4-8). Of the seasonally integrated suitable area,
99% had HSI values ≥ 0.50 for all SAV species. Therefore, most identified sites are very suitable habitats
that will support SAV beds as long as current environmental conditions persist.
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Table 9. SAV habitat suitability seasonally and annually within Dare and Hyde counties
Season

Suitable Area (km²)

% Suitable Area

Widgeon

Shoal

Eelgrass

Widgeon

Shoal

Eelgrass

Fall

698

656

298

17

16

7

Winter

725

731

327

18

18

8

Spring

707

636

292

18

16

7

Summer

676

577

270

17

14

7

Year-round

607

549

254

15

14

6

All suitable SAV areas were mapped regardless of HSI values to compare habitat coverage
among species (Figure A4-9). SAV habitat is suitable south of Manteo along both coastlines, with a gap
from Pea Island Bay to Waves due to summer turbidity characteristics. Most areas behind the Outer
Banks were classified as unsuitable for restoration because dense SAV beds already exist there (Figure
A4-10). While restoration may be possible within “patchy” SAV areas, restoration is not needed in
“dense” SAV beds. Therefore, densely populated SAV areas were excluded from analysis (see Appendix 3
SAV Habitat Suitability Indexing). In Dare County, all three SAV habitats are most suitable just South of
Manteo and behind the Outer Banks. In Hyde County, widgeon grass habitat is most suitable within
Juniper Bay, west of Rose Bay, and behind the Outer Banks. Shoal grass and eelgrass are most suitable in
Wysocking Bay, north of Hillary’s Cove to Berry’s Bay, and behind the Outer Banks.
All SAV species follow similar distribution patterns except for a few key differences. First, the
Alligator River is marginally suitable for widgeon grass restoration due to the species’ tolerance of
fresher water. Second, shoal grass habitat coverage is greater than all other species in western Hyde
County waters. Lastly, eelgrass habitats are narrower along eastern and western sound shores.
Suitable SAV restoration areas were also mapped adjacent to suitable oyster areas regardless of
specific index values to compare habitat coverage among the oyster and SAV species (Figure A4-11).
About 233 km² of the study area is suitable for both oyster and SAV restoration (Table 10; Figure A4-12).

36
Table 10. Oyster and SAV suitable areal overlaps
Restoration Method

Area (km²)

Oyster and Shoal Grass

51

Oyster and Widgeon Grass

50

Oyster and Shoal and Widgeon Grass

50

Oyster and Eelgrass

28

Oyster and Shoal and Eelgrass

28

Oyster and all SAV species

27

DISCUSSION
Restoration Prioritization
A comparison between high-risk erosion shores and suitable oyster and submerged aquatic
vegetation (SAV) restoration sites will help environmental managers prioritize shorelines for natural
stabilization. Previous studies from The Nature Conservancy (TNC; Patel 2009; Patel 2010) have
identified high-risk erosion areas along the western shoreline of the Albemarle-Pamlico (Table 11). Patel
conducted Dare and Hyde county shoreline analyses using the Woods Hole Digital Shoreline Analysis
System. Average end point rates (EPR) were calculated to determine the shoreline rate of change. EPRs
represent linear shoreline movement per year. In Dare County, EPR ranged from -15.46 meters/year
(high erosion) to 3.06 meters/year (moderate accretion). In Hyde County, EPR ranged from -3.0
meters/year to 0 meters/year (no accretion). High-risk areas correspond to suitable oyster reef and SAV
bed habitat in Dare and Hyde counties (Figure A4-13 and A4-14).
In order to reduce erosion threats, appropriate natural stabilization should be implemented at
identified high-risk sites. By matching natural stabilization methods with high-risk erosion sites,
managers will direct their time, money, and resources towards projects that yield the greatest results.
Dare and Hyde county high-risk erosion sites are found adjacent to suitable oyster or SAV habitats.
Although a larger percentage of the Dare and Hyde county coastlines are suitable SAV habitats, some
areas are optimal for both oyster and SAV restoration (ex. Site 4, Table 11, Figure A4-14). In fact, along
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the western portion of the Albemarle-Pamlico, suitable oyster and SAV habitats are often adjacent or
overlapping (Figures A4-11 and A4-12). At sites where both oyster and SAV restoration is possible, multispecies living shorelines may be developed.

Table 11. High-risk erosion areas, as identified by The Nature Conservancy (Patel 2009; Patel 2010), and
restoration potential based on habitat suitability maps.
Approximate
County Coordinates
Description
Site #
Potential Restoration
Dare

Hyde

Between 35˚47’0’’ N,
35˚49’0’’N, 75˚45’0’’ W
and 75˚43’ 0’’W
Around 35˚37’30’’N and
75 ˚44’0’’W

North of Point Peter

1

Oyster

Southeast of Stumpy
Point Bay

2

SAV

Between 35˚35’30’’N,
35˚34’20’’N, 75˚53’15’’W
and 75˚52’45’’W
Between 35˚24’45’’N,
35˚25’30’’N, 76˚1’30’’W
and 76˚0’45’’W

West of Pains Bay, near
Hyde/Dare county line

3

Oyster

South of White Plains,
just west of Hillerys Cove

4

Oyster and SAV

Between 35˚19’30’’N,
35˚20’0’’N, 76˚9’30’’W
and 76˚9’0’’W

Between West Bluff Bay
and Southwest Bay

5

SAV

Multi or single-species living shorelines may also be developed adjacent to North Carolina
National Wildlife Refuges (NWRs). Oyster and/or SAV habitats, however, do not surround entire NWR
perimeters (Figure A4-15). Consequently, natural stabilization cannot protect NWRs as a whole. Along
high-risk erosion areas, alternative stabilization methods might be required.
Based on HSI results and comparisons between erosion risk and habitat suitability, I recommend
the following actions:


Construct oyster reefs along the Point Peter site in Dare County and the Pains
Bay/county border site in Hyde County.



Restore SAV beds along the Stumpy Point Bay site in Dare County and the West Bluff
Bay/Southwest Bay site in Hyde County.



Develop multi-species living shorelines at the White Plains/Hillerys Cove site in Hyde County.
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Because oyster restoration opportunities are limited along the eastern AlbemarlePamlico sounds, conduct pilot SAV restoration projects behind the Outer Banks to
determine if SAV restoration will significantly influence shoreline dynamics behind the
barrier islands.



Weigh the costs and benefits of barrier island shoreline protection before initiating
projects behind the Outer Banks. Barrier islands fluctuate in response to wind, wave,
tide, and weather events. If North Carolina policymakers choose to protect roads,
infrastructure, and other forms of development on NC barrier islands, then shoreline
protection may become a key management strategy in the eastern sounds. Cost-benefit
analyses may help prioritize western sound versus eastern sound stabilization projects.



Develop “living shorelines” along National Wildlife Refuges where possible and identify
critical conservation areas to determine if other stabilization strategies are needed.



Use the attached habitat suitability maps as guides, not fact. Ground-truth water quality
data and other habitat characteristics before initiating restoration projects.

Model Limitations and Future Considerations
Oyster and submerged aquatic vegetation (SAV) habitat suitability indices (HSIs) were developed
based on environmental parameters (e.g. salinity, temperature, dissolved oxygen, etc.) and
management considerations (e.g. bathymetry, distance from wetlands, etc.). However, only the most
vital habitat parameters were included in HSIs in order to simplify the analysis. Other habitat
requirements were excluded due to unavailable data, ambivalent quantifications, or questions over
optimal suitability ranges. While using this report for restoration purposes, managers should be aware
of the following model limitations.
1. Data Exclusions
Data were excluded from the oyster and SAV analyses. Turbidity and circulation patterns are
two oyster habitat components that were not considered for this analysis; the former due to questions
over optimal secchi depth suitability ranges, and the latter due to lacking quantitative data. Instead,
larval dispersal ranges were used to incorporate water circulation. Bottom sediment, sulfide
concentration, inorganic carbon concentration, nutrient concentration, and pollution levels are SAV
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habitat factors that were not considered for the analyses. Yet, all of these factors impact SAV growth
and survival (Barko et al. 1986; Batiuk et al. 2000; Koch et al. 2000; Koch 2001).
Bottom sediment data were removed from the SAV analyses due to the subjectivity of defining
soft, firm, and hard substrates. Sulfide, inorganic carbon, and nutrient factors were also not considered
due to data limitations and ecosystem complexities, while pollution was not considered due to
insufficient non-point source data. Point source pollution enters the estuary from populated or
industrialized areas. Examples include waste water treatment plants, the Pamlico Estuary phosphate
mine, pulp and paper mills, the metal plating industry, and textile manufacturers. However, non-point
source pollution may impact SAV beds more significantly. Hall and Howett (1994) report that up to 80%
of the nutrient pollution entering the Tar-Pamlico River stemmed from non-point pollution sources.
Examples of non-point source pollution include agricultural and urban runoff, which may increase
fertilizer, pesticide, and fecal bacteria presence in estuarine waters (Mallin et al. 2000). Batiuk et al.
(2000) report that SAV growth may be limited by chemical contaminants, such as agricultural pesticides
or heavy metals. Agriculture may play a significant role in SAV distributions within the AlbemarlePamlico since 45% of North Carolina’s cropland exists in the surrounding 28 counties (Mallin et al. 2000).
Unfortunately, accurate spatial analysis of non-point source pollution is impossible at this time due to its
dynamic and unpredictable nature.
In addition to excluded model parameters, some environmental conditions can be measured by
multiple means. For example, light limitation represents a significant habitat component that influences
SAV morphology and distribution (Barko et al. 1986; Dennison et al. 1993; Kemp et al. 2004). Because
SAV requires light for photosynthesis, light limitation impacts its growth, survival, depth, and
distribution throughout the sounds. Light availability fluctuates on a daily, monthly, and annual basis
and is influenced by many factors. While depth, secchi depth, and wave energy were used in the HSI
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analyses as light-related parameters, many factors are applicable. TSS, chlorophyll concentration, and
epiphyte biomass are all impacted by light availability and can be used to predict SAV success.
2. Unpublished or Spatially Limited Data
Unfortunately, some HSI parameters were guided by unpublished data. For example, although
oyster larval dispersal ranges were included in the analysis, they were based on unpublished larval
dispersal studies. Suitability factors for “distance from NPDES” were also based on dissertation and
unpublished research. When data are available from peer-reviewed sources, future analyses should
base index parameters on those sources.
Furthermore, spatially limited data were used throughout the analyses. The number of water
quality collection points differed between seasons, with greater data availability along the coasts.
Because water quality data were limited spatially, interpolations were not always complete and some
areas may have been classified as less suitable due to missing data.
3. Qualitative Data
Finally, some index parameters were more qualitative than quantitative in nature. The oyster
suitability index incorporated a “distance from inlets” valuation that was based on generalized
knowledge. Furthermore, the SAV suitability index incorporated a “wave energy” valuation that was
subjective. SAV growth and survival decreases with increasing wave energy, but tolerant energy ranges
are mostly unknown (Koch 2001; Koch et al. 2006a). In this study, wave energy was indexed based on
estimated wave energy over current SAV beds. If tolerance ranges are determined for SAV within the
Albemarle-Pamlico estuary, then future habitat indices may be more specific and therefore more useful
to managers making restoration decisions.
4. Data Accuracy
Data were collected from reputable sources, but ground truthing was not performed to
determine if data sets represent true conditions. For future habitat suitability GIS spatial analysis
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projects, researchers should check data accuracy through random sampling of environmental
conditions, such as bottom sediment or water quality. Outlier data were removed from analyses, but
data that corresponded with hurricane activity were only eliminated from wave energy modeling. This
was because of the limited temporal scope for wave modeling (i.e. 1 year). Water quality data were
used from a 10 year time period, so extreme events impacted analyses to a lesser extent. Future studies,
however, should mine data for hurricane-influenced samples. Estuarine organisms are resilient and can
survive short periods of extreme events. Therefore, extreme weather conditions should not eliminate
potential habitat areas.
To address model limitations, I recommend the following actions when undertaking future
habitat suitability GIS spatial analysis projects:


For future oyster habitat suitability indices, research and incorporate eastern oyster secchi
depth requirements, or identify additional turbidity data to use as an index component.
Additionally, develop a more complete understanding of larval dispersal throughout the
Albemarle-Pamlico estuary.



For future SAV habitat suitability indices, include some or all of the following physical
parameters: nutrients, inorganic carbon, sulfide, pollution indicators, bottom sediment, TSS, or
chlorophyll. Also, determine the best means of incorporating light limitation. Before inclusion of
any additional factors, research is needed to determine specific relationships between SAV
growth and the factors of interest.



Work to eliminate unpublished or qualitative data from analyses.



Develop a thorough understanding of wave energy impacts on SAV survival in the AlbemarlePamlico estuary.



Contact the Division of Marine Fisheries, the Department of Environment and Natural
Resources, or other environmental agencies for more extensive environmental data that covers
the Albemarle and Pamlico sounds in their entirety.



Utilize small-scale study sites that allow for consistent, in-house data collection. Small-scale
studies will make manager input feasible throughout the data collection process. Controlled
data collection may produce a more thorough baseline for habitat analysis.



Ground-truth data to confirm the accuracy of index inputs.
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Next Steps
1. Choose A Stabilization Strategy
Armed with habitat maps, TNC and other environmental managers may choose strategies to
manage stabilization along North Carolina shores in the most efficient and natural means possible. By
establishing seagrass beds and oyster reefs in optimal habitat areas, managers can protect high-risk
erosion shores while providing essential habitat and ecosystem services to marine fishes and the
Albemarle-Pamlico estuarine system. Natural stabilization, therefore, is an optimal technique for
connecting stabilization with habitat restoration and health. Natural stabilization techniques will depend
on habitat suitability and economic factors. While managers can identify suitable oyster reef or
submerged aquatic vegetation (SAV) sites, one method may be more cost-effective than another. Prior
to choosing a stabilization technique, managers should conduct economic analyses to choose the most
cost-effective and ecologically beneficial stabilization strategy on a site-by-site basis. Economic analyses
may include cost-benefit comparisons between oyster and SAV restoration, or between SAV seeding and
transplanting.
2. Continue Monitoring
As with any habitat suitability analysis, follow-up studies are needed. The Albemarle-Pamlico
estuary is a dynamic system. While managers can predict habitat suitability based on previous or current
conditions, the estuary is in constant flux. Conditions change quickly due to human and natural causes
(Orth et al. 2010). Natural disturbances, such as storms, disease, or grazing, may impact SAV survival as
much as human activities such as dredging, filling, or agricultural runoff (Short and Wyllie-Echeverria
1996). In fact, Pulich and White (1991) report SAV declines in two different regions of Texas’ Galveston
Bay due in part to hurricanes, sea level rise associated with subsidence, and shoreline erosion, along
with development, wastewater, chemical spills, and dredging. An understanding of natural disturbances
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is just as important as an understanding of human caused disturbances when developing restoration
strategies.
Suitable habitat ranges may fluctuate quickly as inlets open and close, precipitation patterns
change, sea level rises, and water quality conditions are altered by human land usage. Oyster reefs and
SAV beds may also relocate gradually with estuary changes. Human intervention may become necessary
following quick or succeeding alterations to the system. Furthermore, managers can take advantage of
optimal conditions when they arise. SAV restoration, for example, is impacted by wave energy during
bed establishment. Although usually found in intermediate-to-low energy conditions, SAV can survive
during high velocity events if the seagrass bed is seeded and established under low velocity conditions
(Koch 2001). Therefore, a location with high wave energy may contain SAV beds. Once established, the
SAV thrives and expands by reducing current speeds at bed edges. Continual monitoring of wave
conditions may allow for SAV restoration in areas where low energy wave conditions are rare.
3. Communicate with Stakeholders
Following restoration activities, I encourage managers to communicate their findings with the
general public and other stakeholders. Communication ensures that concerned stakeholders can learn
from past experiences. Just as engineers have developed advancements for hardened structures to alter
shoreline sediment flow, environmental managers can improve living shoreline structures.
Communication fosters adaptive management, which will allow for the most efficient structures that can
feasibly protect shorelines without negatively altering the natural habitat. After all, living shoreline
methods will only improve if interested parties learn from the successes and failures of others.
Furthermore, if conservation organizations and state agencies advertise their living shoreline successes
in an attempt to foster adaptive management, then private land owners will learn of their efforts.
Positive and open communications may encourage all stakeholders to replicate the work of
conservation organizations and state agencies.
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Although federal and state land borders a large portion of Dare and Hyde counties (Figure A416), coastal private property owners must also address climate change and erosion risks. Following
successful adoption by non-profit, state, federal, and conservation-oriented organizations, natural
shoreline stabilization may be utilized by private property owners. Managers should communicate
stabilization and restoration efforts with the general public and educate interested stakeholders on
stabilization techniques and suitable restoration areas. If managers educate and communicate with
property owners, then permitting remains the only obstacle for prioritizing natural stabilization over
other protection strategies.
4. Support Living Shoreline Permits
While living shorelines are ideal conservation-oriented shoreline erosion solutions, the
permitting process for these structures may be lengthy – too lengthy for a private homeowner who is
losing land; a business that is struggling in a downtrodden economy; or a non-profit organization with
limited grant funding. Therefore, it is essential that the Coastal Resources Commission acts on the Living
Shorelines Law and develop a general permit for living shoreline projects. If a general permit for living
shorelines is established, then major permits may not be needed for oyster reef construction or other
natural stabilization projects. In short, the permitting process for living shorelines will become more
streamlined. A streamlined permitting process may encourage stakeholders to consider natural
stabilization as a possible erosion solution. New permitting policies in North Carolina for living shorelines
and coastal restoration will be needed as restoration is explored as an alternative stabilization method
to hardened or temporary structures. The North Carolina National Estuarine Research Reserve and the
NOAA Center for Coastal Fisheries and Habitat Research have just completed a shoreline stabilization
study to analyze a variety of erosion prevention methods within North Carolina’s estuarine system (NC
Coastal Reserve 2007). If this study acknowledges the merits of natural stabilization methods, or living
shorelines, then the absence of a streamlined permitting process may cause unnecessary backups within
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the Division of Coastal Management. Permitting setbacks would only frustrate stakeholder exertions to
protect North Carolina shores.

CONCLUSION
The Nature Conservancy (TNC) is currently working to identify areas within Dare and Hyde
counties that are both adjacent to National Wildlife Refuges (NWRs) and suitable for natural
stabilization, or “living shoreline” development. Oyster and/or submerged aquatic vegetation (SAV)
restoration will enhance fisheries habitats, naturally stabilize shorelines, and address climate change
impacts such as sea level rise, increased storm intensity, and shoreline erosion. Approximately 5% of the
Albemarle-Pamlico estuary within Dare and Hyde counties is suitable for eastern oyster restoration.
About 15%, 14%, and 6% of the same area is suitable for widgeon grass, shoal grass, and eelgrass
restoration, respectively. Oyster and SAV habitats do overlap throughout the estuary. They also occur
along NWRs and high-risk erosion shorelines. By developing single or multi-species living shorelines
along NWRs and high-risk erosion shorelines, managers can reduce climate impacts to critical or
threatened regions.
Oyster and SAV habitat suitability models serve as a foundation for habitat prediction and
restoration projects. They are developed following a thorough review of habitat and management
requirements. Continual monitoring of the study area is necessary to update oyster and SAV habitat
maps as environmental conditions or management constraints change. TNC and other natural
stabilization promoters are encouraged to share restoration information with all stakeholders and
promote general “living shoreline” permits so that private property owners are encouraged to consider
natural stabilization as a shoreline protection option.
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Appendix 1 – Regulatory Background
Permanent Structures

Temporary Structures

Natural Structures

Rip rap

Sandbags

Oyster reefs

Groins
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Submerged aquatic vegetation

Bulkheads

Living shorelines

Breakwaters

Vegetation control

Sills
A1-1. Shoreline stabilization methods (photos courtesy of NC Division of Coastal Management and NC
Coastal Federation).
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State Permitting Process
State Appeal Process

3

NC Office of
Administrative
Hearings (Judge)

2

1

Figure A1-2. A simplified diagram of the North Carolina state permitting process and institutional
structure. The arrows indicate collaboration between departments in permitting decisions. 1) Permit is
submitted to Coastal Area Management Act (CAMA) office by project applicant. 2) Local CAMA office
adheres to Coastal Resources Commission and the Division of Coastal Management guidelines in
making a decision. 3) Permit is denied or awarded (if denied, an appeal process may be initiated).
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Federal Permitting Process

Division of Coastal
Management

NC State
Consistency Review
Coordinator

Figure A1-3. A simplified diagram of the Federal permitting process and institutional structure as it
pertains to North Carolina. Section 10 and 404 permits are supplied by the Wilmington District
Regulatory Field Office for Dare and Hyde counties. Note: federal permitting must comply with the
North Carolina Coastal Area Management Act.
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Appendix 2 – Coastal Habitat Assessment and Data Collection

Figure A2-1. Study Site.
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Figure A2-2. Salinity water quality sampling points from the Division of Marine Fisheries, North
Carolina Citizens Monitoring network, and Environmental Protection Agency (2000 – 2011).
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Figure A2-3. Temperature water quality sampling points from the Division of Marine Fisheries, North
Carolina Citizens Monitoring network, and Environmental Protection Agency (2000 – 2011).
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Figure A2-4. Dissolved Oxygen water quality sampling points from the Division of Marine Fisheries,
North Carolina Citizens Monitoring network, and Environmental Protection Agency (2000 – 2011).
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Figure A2-5. Secchi depth water quality sampling points from the Division of Marine Fisheries, North
Carolina Citizens Monitoring network, and Environmental Protection Agency (2000 – 2011).
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Figure A2-6. Seasonal salinity interpolations using an Ordinary Kriging spherical semiovariogram, 12
points, and a 10,000 meter search radius.
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Figure A2-7. Seasonal temperature interpolations using an Ordinary Kriging spherical
semiovariogram, 12 points, and a 10,000 meter search radius.
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Figure A2-8. Seasonal dissolved oxygen interpolations using an Ordinary Kriging spherical
semiovariogram, 12 points, and a 10,000 meter search radius.
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Figure A2-9. Seasonal secchi depth interpolations using an Ordinary Kriging spherical semiovariogram,
12 points, and a 10,000 meter search radius.
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Figure A2-10. Albemarle-Pamlico spatial bathymetry data used in SAV habitat suitability index
development.
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Figure A2-11. Points used to estimate Representative Wave Energy (RWE) within NOAA’s Wave Energy
Model. Wind data (2010 – 2011) were downloaded from two NOAA wind buoy stations.
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Figure A2-12. Wave energy interpolations across the Albemarle-Pamlico sounds using Ordinary Kriging
spherical semiovariogram and a 5,000 meter search radius.
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Appendix 3 – Habitat Suitability Indexing
Oyster Habitat Suitability Indexing:
The below indexing values were used within the oyster habitat suitability index (HSI). For the
purpose of oyster reef restoration, areas of an unknown bottom type or water quality were indexed as
less than marginally suitable (i.e. 0.25). This method prevented premature exclusion of potential
habitats from the final recommendations.
Salinity (ppt)
0 -5
5 – 14
14 – 20
20 – 28
28 – 40
Unknown

Index Value
0
0.50
1
0.75
0.50
0.25

Description: Although the optimal salinity range for oysters is between 14 and 28 ppt, diseases such as
Dermo are more prevalent in waters greater than 20 ppt. Therefore, areas within the 14 – 20 ppt salinity
range were indexed as most suitable, followed by areas within the 20 – 28 ppt range. Areas greater than
28 ppt and between 5 and 14 ppt were indexed as marginally suitable since oyster survival is still
possible under such conditions (Deaton et al. 2010).

Temperature (˚C)
0 – 10
10 – 15
15 – 20
20 – 30
30 – 35
Unknown

Index Value
0
0.50
1
0.75
0.50
0.25

Description: Although the optimal temperature range for oysters is between 15 and 30˚C, diseases such
as Dermo are more prevalent in waters greater than 20˚C. Therefore, areas within the 15 – 20˚C
temperature range were indexed as most suitable, followed by areas within the 20 – 30˚C range. Areas
greater than 30˚C and between 10 and 15˚C were indexed as marginally suitable since oyster survival is
still possible under such conditions (Deaton et al. 2010).

Dissolved Oxygen (mg/L)
0–2
>2
Unknown

Index Value
0
1
0.25
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Description: Oysters cannot survive long periods in waters less than 2 mg/L dissolved oxygen (Deaton et
al. 2010). Therefore, areas with oxygen levels less than 2 mg/L were indexed as not suitable.

Bottom Sediment
Hard
Firm
Soft
Unknown
Other

Index Value
1
0.50
0.25
0.25
0

Description: Hard or firm sediment is essential for larval recruitment, spat growth, and oyster survival
(Galtsoff 1964; Burrell et al. 1986; Wallace 2001; Barnes et al. 2007; Deaton et al. 2010). That being said,
oyster shells have been located on soft sediments (DMF bottom mapping layer 2009). Therefore, hard
and firm sediment areas were indexed as most and marginally suitable, while soft sediment areas were
indexed as less than marginally suitable (Figure A3-1).

Bottom Cover
SAV
Unknown
Shell
Other

Index Value
0
0.25
0.50
1

Description: Under current North Carolina Division of Coastal Management policies and Coastal
Resources Commission rules, it is unlawful to disturb submerged aquatic vegetation (SAV). Therefore, no
oyster reef restoration can occur in areas where SAV is found. Areas with SAV bottom cover were
indexed as not suitable. Areas with shell cover were indexed as marginally suitable since full reef
restoration may not be necessary (Figure A3-2).

Distance from Oyster Sanctuary Dispersal Zones
Distance (meters)
0
0 – 2,000
2,000 – 5,000
5,000 – 10,000
>10,000

Index Value
1
0.50
0.25
0.10
0

Description: To ensure oyster reef growth and health, restored reefs should be located in areas with a
higher probability of larval recruitment. However, oyster larval dispersal and transport success varies by
location, depending on currents and water basin properties. For example, predicted and observed total
distances of surface drifters ranged from 5 to 58 km, and 1 to 63 km in a Pamlico Sound oyster larval
dispersal study (Haase 2009). Yet, the median dispersal distance for eastern oyster larvae in a
Chesapeake Bay model was 9.0 km (North et al. 2008). In fact, oyster larvae dispersal ranged from 1 km
to 226 km in North et al.’s Chesapeake model.
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Despite these wide larval dispersal ranges, oyster dispersal in the Pamlico Sound has been studied via
drifting buoys from oyster sanctuaries (C. Cudaback, Unpublished Communication 2011). Dispersal
models and buoy observations have illuminated dispersal dynamics. Dispersal dynamics include steady
back-and-forth exchange along the western Pamlico shore, weak transport across the sound, and weak
transfer along the eastern Pamlico shore. An understanding of dispersal dynamics was used to create
progressive vector diagrams (C. Cudaback, Unpublished Communication 2011). Progressive vector
diagrams project currents forward in time to predict larvae transfer from oyster sanctuaries.
For this study, predicted larvae dispersal ranges were created in the form of ellipses based on larval
transfer predictions (Figure A3-3). Crab Hole and Gibbs Shoal sanctuaries have the longest along shore
dispersal range, between 20 and 35 km. Shorter, 10 km ranges were predicted for all other sanctuaries,
due to location and currents. Distances up to 10 km from dispersal zone edges were classified as less
suitable, with all other distances classified as not suitable (Figure A3-4). The specific oyster sanctuary
locations were not considered for oyster reef restoration.

Distance from Oyster Cultch (N cultch transects)
Distance (meters)
0
0 – 10,000
10,000 – 20,000
20,000 – 35,000
> 35,000

Index Value
0
1
0.50
0.25
0

Distance from Oyster Cultch(S cultch transects)
Distance (meters)
0
0 – 5,000
5,000 – 10,000
>10,000

Index Value
0
1
0.50
0

Description: Based on dispersal estimates from northern and southern oyster sanctuaries, similar
distances were used to develop indexing for “distance from oyster cultch sites.” Northern sites were
buffered up to 35 km and southern sites were buffered up to 10 km (Figure A3-5). The specific oyster
cultch locations were not considered for oyster reef restoration. Both “distance from oyster cultch”
indices were combined into one raster file for suitability analysis.

Distance from Inlets (meters)
0 – 10,000
> 10,000

Index Value
0.50
1
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Description: Predation on eastern oysters occurs from a number of sources, including gastropod oyster
drills, southern oyster drills, whelk, starfish, some fish, and crabs (Wells 1961; Galtsoff 1964; Burrell
1986). As inlets open and shift, altering the flow between the Atlantic Ocean and the sounds, salinity
fluctuations lead to the possibility of increased predation (Wells 1961). Wells reports that “except for
the blue crab, serious predators of the oyster are relatively limited to more saline waters” (1961, pg
262). Therefore, lower value was placed on areas adjacent to inlets (Figure A3-6).

Distance from Historic Reefs
Distance (meters)
0 – 500
500 – 2,000
2,000 – 5,000
> 5,000

Index Value
1
0.50
0.25
0

Description: Historic oyster reefs were mapped in the 1880s by Lieutenant Francis Winslow. These areas
provide a baseline for where reefs have thrived, as well as where hard substratum most likely exists.
Proximity to these reefs was indexed as most suitable. Indexing was based on a stepping scale following
communications with environmental managers at The Nature Conservancy (Figure A3-7).

Distance from Wetlands
Distance (meters)
0 – 5000
5000 – 10000
10000 – 19044
Areas > 2 meters

Index Value
1
0.75
0.50
0.25

Description: North Carolina wetlands play a vital role in fisheries nursery habitat, water filtration, and
shoreline stabilization. In fact, marsh restoration (or vegetation control) remains an alternative
stabilization strategy. Marshlands, however, are threatened by erosion and inundation, so protection of
current wetland shores is vital. Areas closer to North Carolina wetlands were indexed as more suitable
(Figure A3-8). Areas greater than 2 meters in depth were indexed as less than marginally suitable (i.e.
0.25) due to restoration costs and logistics.

Distance from NPDES
Distance (meters)
0 – 100
100 – 200
> 200

Index Value
0
0.50
1
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Description: Marine pollution can negatively impact oyster populations by increasing bacterial content in
marine waters and reducing oxygen levels (Galtsoff 1964). Increased pollution levels often occur in
enclosed seas and coastal waters compared to open oceans (Islam and Tanaka 2004). National Pollutant
Discharge Elimination System (NPDES) sites have been permitted and identified as outfall locations for
wastewater discharge to North Carolina surface waters. 412 sites are present within the AlbemarlePamlico sub region and contribute to marine pollution within the study area. A study in Taylor’s Creek
found declining oyster fecundity with proximity to wastewater-treatment facilities and sewage disposal
(Romano 2007; Deaton et al. 2010). The closest study sites were 100 and 200 meters from facilities.
Therefore, areas within 100 meters of NPDES were designated as unsuitable.

Shellfish Growing Area
Status
Closed
Open

Index Value
0.50
1

Description: Closed shellfish growing areas are areas closed to shellfish harvesting because of poor
water quality. Because closed shellfish growing areas do not necessarily represent dying oysters, closed
areas were indexed as marginally suitable (Figure A3-9).

SAV Habitat Suitability Indexing:
The below indexing values were used within the submerged aquatic vegetation (SAV) habitat
suitability indices (HSIs). For the purpose of seagrass restoration, areas of an unknown water quality
were indexed as less than marginally suitable (i.e. 0.25). This method prevented premature exclusion of
potential habitats from the final recommendations. Optimal salinity, secchi depth, and bathymetry
ranges differ between species. All other habitat requirements are static across species.

Eelgrass Habitat Requirements
Salinity (ppt)
0 -10
10 – 18
18 – 30
30 – 36
Unknown

Index Value
0
0.50
1
0.50
0.25

Description: Eelgrass thrives in high saline environments (18 – 30 ppt), but survives within the 10 – 36
ppt range (Ferguson and Wood 1994; Deaton et al. 2010).
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Secchi Depth (meters)
0 – 0.3
0.3 – 2.0
> 2.0
Unknown

Index Value
0
1
0
0.25

Description: Turbidity measurements were incorporated into the HSI through secchi depth data.
Eelgrass thrives in 0.3 – 2.0 meter secchi depth areas (Deaton et al. 2010).

Bathymetry (meters)
0 – 0.4
0.4 – 1.7
> 1.7

Index Value
0
1
0

Description: Optimal depth for eelgrass is between 0.4 and 1.7 meters (Deaton et al. 2010). Because SAV
cannot tolerate desiccation and extensive sediment re-suspension, deeper waters are often colonized
(Batiuk et al. 2000).

Shoal Grass Habitat Requirements
Salinity (ppt)
0 -8
8 – 18
18 – 30
30 – 36
Unknown

Index Value
0
0.50
1
0.50
0.25

Description: Shoal grass thrives in high saline environments (18 – 30 ppt), but survives within the 8 – 36
ppt range (Ferguson and Wood 1994; Deaton et al. 2010).

Secchi Depth (meters)
0 – 0.4
0.4 – 2.0
> 2.0
Unknown

Index Value
0
1
0
0.25

Description: Turbidity measurements were incorporated into the HSI through secchi depth data. Shoal
grass thrives in 0.4 – 2.0 meter secchi depth areas (Deaton et al. 2010).

Bathymetry (meters)
0 – 0.1
0.1 – 1.8
1.8 – 2.1
> 2.1

Index Value
0
1
0.50
0
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Description: Optimal depth for shoal grass is between 0.1 and 2.1 meters (Deaton et al. 2010). The
official definition of SAV includes seagrasses up to 1.8 meters in depth, and so areas greater than 1.8
meters were indexed as less suitable (2009 MFC rule 15A NCAC 03I .0101 (4)(i)).

Widgeon Grass Habitat Requirements
Salinity (ppt)
0 -5
5 – 18
18 – 36
Unknown

Index Value
0.50
1
0.50
0.25

Description: Widgeon grass thrives in moderate (5 – 18 ppt) salinities and survives in high and
low/freshwater (0 – 5ppt) saline environments (Ferguson and Wood 1994; Deaton et al. 2010).

Secchi Depth (meters)
0 – 0.2
0.2 – 1.8
> 1.8
Unknown

Index Value
0
1
0
0.25

Description: Turbidity measurements were incorporated into the HSI through secchi depth data.
Widgeon grass thrives in 0.2 – 1.8 meter secchi depth areas (Deaton et al. 2010).

Bathymetry (meters)
0 – 0.1
0.1 – 1.8
1.8 – 2.5
> 2.5

Index Value
0
1
0.50
0

Description: Optimal depth for widgeon grass is between 0.1 and 2.5 meters (Deaton et al. 2010). The
official definition of SAV includes seagrasses up to 1.8 meters in depth, and so areas greater than 1.8
meters were indexed as less suitable (2009 MFC rule 15A NCAC 03I .0101 (4)(i)).

Habitat Requirements for All Estuarine Grasses
SAV Presence (SAV Partnership Data)
SAV Type
Dense SAV
Patchy SAV
Impounded SAV
Other

Index Value
0
0.50
0
1
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Description: While restoration may be needed in “patchy” SAV areas, restoration is not needed in
“dense” SAV areas. Therefore, the SAV Partnership data are used to exclude densely populated SAV
areas. Impounded SAV are excluded due to location (Figure A3-10).

Historic SAV Presence
SAV presence
SAV absence

Index Value
1
0.25

Description: Areas with historic SAV presence were suitable in the past and therefore have a higher
likelihood of suitability in the present and future. Areas without historic SAV presence cannot be
completely excluded, however, due to the complex and dynamic nature of the estuary (Figure A3-11).

Distance from current SAV (dense, patchy, and impounded)
Distance (meters)
0 – 500
500 – 2,000
> 2,000 – 5,000

Index Value
1
0.50
0.25

Description: To ensure SAV bed growth and health, restored beds should be located in areas with a
higher probability of recruitment. Impounded SAV were included in this index scale since impounded
beds may eventually connect to the open estuarine waters following sea level rise (Figure A3-12).

Oyster Presence and Distance from Cultch
Presence/Distance (meters)
Cultch sites
500m from cultch site
Non-cultch sites

Index Value
0
0.25
1

Description: Oyster cultch sites were excluded from the analysis to focus restoration efforts on nonrestored areas (Figure A3-13). Areas near cultch sites were indexed as less than marginally suitable to
allow cutch sites room for growth.

Oyster Presence and Distance from Sanctuaries
Presence/Distance (meters)
Sanctuary sites
500m from sanctuary site
Non-sanctuary sites

Index Value
0
0.25
1

Description: Oyster sanctuary sites were excluded from the analysis to focus restoration efforts on nonrestored areas (Figure A3-14). Areas near sanctuaries were indexed as less than marginally suitable to
allow sanctuary reefs room for growth.
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Bottom Sediment
Description: Bottom sediment was removed from this analysis due to the subjectivity of defining soft,
firm, and hard substrata. SAV bed sediments are most often fine silts and clays. However, SAV can
colonize in areas of coarser sediments. Over time, the sediments become finer (Koch 2001). When
incorporated into the analysis, areas that currently contain SAV were categorized as “not suitable”
based on the soft bottom substratum requirement. Therefore, it was removed from the model.
Bottom sediment type, however, does have implications for nutrient levels and SAV growth. Finer
sediments are less porous, resulting in reduced exchange with the water column and higher nutrient
levels and phytotoxins within the sediment. Coarser sediments, on the other hand, are more porous.
They allow for more exchange with the water column and may yield lower nutrient levels within the
sediment (Koch 2001). While removed from the analysis, bottom sediment remains an important
restoration factor.

Representative Wave Energy
RWE (J/m)
0 – 10,000
10,000 – 20,000
20,000 – 34,700
> 34,700

Index Value
1
0.50
0.25
0

Description: High energy wave conditions are unsuitable for SAV survival, while low energy wave
conditions reduce seed dispersal. Due to uncertainty over quantitative energy conditions, only the
highest range of values was indexed as unsuitable. Current SAV distributions were plotted over
interpolated wave energy data for all seasons and wave energy zones were defined following methods
by Judd et al. (2009). SAV are found bellow 34,661 J/m in the spring, 34,023 J/m in the summer, 25,290
J/m in the fall, and 15,931 J/m in the winter. Based on maximum wave energy data and current SAV
distributions, wave energy was divided into 4 suitability ranges and indexed on a linear scale (Figure A315).
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Figure A3-1. Suitabiliy indexing for sediment cover. Hard, firm, and soft sediment areas are indexed as
suitable, marginally suitable, or least suitable.
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Figure A3-2. Suitabiliy indexing for bottom cover. Areas with SAV cover are indexed as not suitable for
oyster restoration, while areas with shell cover are indexed as marginally suitable and areas with
unknown coverage are indexed at lest suitable.
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Figure A3-3. Oyster larvae dispersal zones from oyster sanctuaries.
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Figure A3-4. Suitability indexing for proximity to oyster larvae dispersal zones. All dispersal zones are
indexed as suitable.
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Figure A3-5. Suitability indexing for proximity to oyster cultch transects. Indexing follows dispersal zone
patterns.
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Figure A3-6. Suitability indexing for proximity to inlets.
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Figure A3-7. Suitability indexing for proximity to historic oyster reefs.
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Figure A3-8. Suitability indexing for proximity to wetlands. Areas greater than 2 meters in depth are
indexed as least suitable, but still considered.
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Figure A3-9. Suitability indexing for shellfish growing areas (SGA). Shellfish harvest is banned in closed
areas due to water quality concerns. These areas are indexed as marginally suitable.
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Figure A3-10. Suitability indexing for SAV bottom type. Dense and impounded SAV bottom cover areas
are indexed as not suitable, while patchy SAV bottom cover areas are indexed as marginally suitable.
Areas without SAV cover are indexed as suitable restoration sites.
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Figure A3-11. Suitability indexing for historic SAV sites. Areas without previous SAV beds are indexed as
less than marginally suitable.
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Figure A3-12. Suitability indexing for distance from current SAV beds. Greater value is given to areas
with a higher chance of natural recruitment.
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Figure A3-13. Suitability indexing for distance from oyster cultch sites. Cultch locations are excluded, and
greater value is given to areas farther from cultch sites.
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Figure A3-14. Suitability indexing for distance from oyster sancturies. Sanctuary locations are excluded,
and greater value is given to areas farther from sanctuaries.
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Figure A3-15. Suitability indexing for respresentative wave energy. Areas with lower wave energy are
indexed as suitable.
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Appendix 4 – Results

Figure A4-1. Seasonal oyster habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde
counties. Suitability is based on water quality samples from 2000 – 2011. Seaonal suitability indices
were used to develop a seasonally integrated oyster habitat suitability map [see Figure A4-2].
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Figure A4-2. Oyster habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde counties.
Suitability is based on water quality samples from 2000 – 2011. All seaons are included.
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Figure A4-3. Widgeon grass habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde
counties. Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010 –
2011. All seaons are included.
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Figure A4-4. Shoal grass habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde counties.
Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010 – 2011. All
seaons are included.
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Figure A4-5. Eelgrass habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde counties.
Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010 – 2011. All
seaons are included.
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Figure A4-6. Seasonal widgeon grass habitat suitability in the Albemarle-Pamlico estuary of Dare and
Hyde counties. Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010
– 2011. Seaonal suitability indices were used to develop an overall widgeon grass suitability map [see
Figure A4-3].
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Figure A4-7. Seasonal shoal grass habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde
counties. Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010 –
2011. Seaonal suitability indices were used to develop an overall shoal grass suitability map [see Figure
A4-4].
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Figure A4-8. Seasonal Eelgrass habitat suitability in the Albemarle-Pamlico estuary of Dare and Hyde
counties. Suitability is based on water quality samples from 2000 – 2011 and wind data from 2010 –
2011. Seaonal suitability indices were used to develop an overall eelgrass suitability map [see Figure A45].
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Figure A4-9. All areas designated as suitable submerged aquatic vegetation habitat, regardless of
suitability value.
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Figure A4-10. Submerged aquatic vegetation cover, courtesy of the North Carolina SAV Partnership.
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Figure A4-11. SAV suitable habitat areas adjacent to oyster suitable habitat areas. Oyster habitat
overlaps SAV since oyster reef restoration is the preferred restoration method.
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Figure A4-12. SAV suitable habitat areas that overlap suitable oyster habitat areas.
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Figure A4-13. Suitable oyster and submerged aquatic vegetation habitat near high-risk erosion areas of
Dare County (numbered sites refer to descriptions in Table 11).
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Figure A4-14. Suitable oyster and submerged aquatic vegetation habitat near high-risk erosion areas of
Hyde County (numbered sites refer to descriptions in Table 11).
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Figure A4-15. All areas designated as suitable oyster and submerged aquatic vegetation habitat adjacent
to US Fish and Wildlife Service National Wildlife Refuges. Oyster habitat overlaps SAV since oyster reef
restoration is the preferred restoration method.
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Figure A4-16. Suitable oyster and SAV habitat near federal and state owned lands.

