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ABSTRACT
Many coastal areas in the Chesapeake Bay are threatened by accelerated sea level rise, which
poses a policy problem for coastal landowners and wetland habitats. A region of the Chesapeake
that is predicted to be especially vulnerable to inundation is Dorchester County, Maryland; a
low-lying marsh landscape home to the Blackwater National Wildlife Refuge. In spite of these
threats, steps can be taken towards active management to mitigate the effects of sea level rise.
One strategy exists in conservation of coastal areas via acquisition or easement. By protecting
lands behind coastal areas, natural marsh migration can occur to allow coastal integrity to persist.
The purpose of this project is to create a database tool that optimizes conservation techniques in
the Chesapeake Bay to permit marsh retreat. Using ArcGIS data, Sea Level Rise Affecting
Marshes Modeling (SLAMM) data were processed to show predicted marsh migration in 25-year
increments. These data, along with data on properties in Dorchester County and a principle
component analysis of inundation risk, were inserted into a Microsoft Access database. This
database can be utilized by conservation organizations, such as the Conservation Fund,
Chesapeake Conservancy and Audubon Society, to optimize easement and acquisition deals to
allow natural shoreline retreat to occur. This report provides a description of the tool, and
recommends how it should be utilized to efficiently allow for persistence of the Blackwater
Refuge and its marshes.

1.0 INTRODUCTION
1.1 Background and Threats
Conservation and restoration of the Chesapeake Bay ecosystem is considered a national
priority due to the ecological and economic importance of the region (Burke and Dunn 2010).
The Bay watershed is home to millions of people, ranging from urban dwellers to rural farmers,
and is an important region for fisheries, recreation and tourism, generating billions of dollars
each year. The Chesapeake Bay also includes thousands of acres of salt marsh, which provide
essential habitat for many coastal species and supply a platform for filtration, productivity and
biogeochemical processing (Chesapeake Bay Program, Craft et al. 2008, Mitsch and Gosselink
2007, Walker 1973). Located at the land and sea interface, tidal marshes affect nearly 53% of
the U.S. population living in coastal zones through their ability to treat wastewater, prevent
disturbance and foster high levels of productivity (Craft et. al 2008, Mitsch and Gosselink 2007).
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Unfortunately, the future of these developed areas and salt marshes is uncertain due to
sea level rise. Over the next century, scientific data developed by the Intergovernmental Panel
on Climate Change (IPCC) predicts a 30-100 cm rise in coastal areas, including the Chesapeake
Bay, in the next century (Craft et al. 2008, Johnson 2000, Titus et al. 1991). Accelerated sea
level rise poses a threat not only to coastal homes and property value, but to coastal salt marsh
habitat as well (Craft et al. 2008, Morris et al. 2002, Titus et al. 1991, Titus and Richman 2001).
The health and stability of the salt marsh ecosystem is dependent upon a balance between sea
level, land elevation, marsh vegetation and sediment accretion. As the rate of relative sea level
rise increases, sediment accretion, which is boosted by marsh/vegetation accretion, increases to
maintain the elevation of the marsh above sea level. Once the rate of sea level rise passes a
threshold, however, the marsh community cannot accrete enough sediment to sustain an
elevation in its tolerance range causing dieback and retreat of the marsh (FitzGerald et al. 2008,
Morris et al. 2002).
Elimination of these marshes leaves shorelines more vulnerable to storm surge and
erosion. These impacts go beyond temporary inundation of coastal communities and habitats,
and can lead to permanent loss or alteration of coastlines (FitzGerald et al. 2008, Morris et al.
2002). Additionally, as marshes convert to open water, tidal systems could alter in estuarine
environments like the Chesapeake Bay. These alterations could include increased water and
sediment exchange in inlets, leading to sand deposits in deltas and additional erosion along
estuarine shorelines (FitzGerald et al. 2008).
Inundation of these areas would induce massive losses to low-lying wetland habitat,
coastal bluffs, barrier islands, and coastal communities threatening biodiversity, agriculture,
livestock, buildings and infrastructure (Cole 2008, Johnson 2000, Titus 1998). This presents a
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major policy problem with the potential to disturb many public and private land uses in the
Chesapeake Bay. For public lands, this disturbance could mean losses to parks and refuges,
managed at either the federal, state or local level, negatively impacting important habitat areas
and tourism. Unless quick and lasting action is taken, serious declines in habitat and other
ecosystem services may occur, and the once productive region will become inundated.
Disturbance to private land use could mean loss of developed areas (beach homes, buildings,
etc.) and agricultural lands. Inundation, and threat of inundation, decreases the value of these
landscapes and can eliminate existing buildings and infrastructure (Burke and Dunn 2010, Cole
2008, Johnson 2000, Titus 1998). Additionally, flooding of coastal areas could force
governments to spend large amounts of money to aid coastal communities, including payments
for emergency response, insurance payouts and rebuilding infrastructure (Grannis 2011, Titus et
al. 2001).
A region of the Chesapeake that is especially vulnerable to sea level rise is Dorchester
County, Maryland, the location of the Blackwater National Wildlife Refuge. This Refuge, often
called the ‘Everglades of the North’, hosts one of the most productive salt marsh ecosystems in
America. It is visited by millions of waterfowl in seasonal migration, and also contains black
rail, seaside sparrow, salt marsh sparrow and endangered delmarva fox squirrel habitat.
Additionally, the Refuge has the largest breeding population of bald eagles on the U.S. Eastern
Seaboard (The Conservation Fund and Audubon MD/DC 2011).
Due to the threat of sea level rise, the future of the Blackwater Refuge and the
surrounding salt marsh is uncertain. Currently, this national treasure is predicted to experience
major loss due to accelerated sea level rise (Figure 1). In a study conducted by Titus and
Richman (2001), large-scale elevation maps of the Atlantic coastline were created in order to see
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extreme lows in elevation. In their maps and report, they depict the Refuge and Dorchester
County as one of the country’s most vulnerable areas to inundation since the majority of the
county is less than 1.5 meters in elevation (Appendix A, Figure 1).

Figure 1. Predicted marsh retreat and inundation in Dorchester County, Maryland according to Sea Level Rise
Affecting Marsh Modeling.

There are, however, potential strategies to mitigate and adapt coastal areas to the effects
of sea level rise through changes in land designation and erosion protection. These strategies to
retain beaches and wetlands include either: 1) Protection and restoration of beaches/wetlands to
either prevent erosion or keep shorelines elevated above rising sea level, or 2) Allowing
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inundation and coastal retreat to occur, while adapting to accommodate the retreating shores
(Cole 2008, Grannis 2011, Smith et al. 2007, Titus 2008). These strategies, however, have many
challenges associated with them, including high financial costs and legal issues such as takings.
Therefore, selection of the proper tool for protection/adaptation is difficult, with a need to
balance public and private tradeoffs (Grannis 2011, Titus et. al 1991).
Over the next century, determining the socioeconomic implications of this rise and
developing adaptation strategies to counteract them should be one of our country’s highest
priorities. If we choose to ignore this threat and predictions hold true, the economic, cultural and
environmental impacts of inundation and erosion will be devastating (FitzGerald et al. 2008).
The highly productive marshlands in the Chesapeake Bay, such as those at Blackwater National
Wildlife Refuge, are vital to the prosperity of our coastal communities. Adaptation of this region
will help preserve many acres of marshes and properties, and could help serve as a guide for
other counties along our nation’s shorelines.

1.2 Chesapeake Laws, Programs and Policies for Sea Level Rise (Maryland Focus)
Laws and Programs
Like many environmental management policies, coastal zone management was first
implemented in the U.S. during the conservation movement in the 1960s and 1970s. In 1972,
Congress passed the Federal Coastal Zone Management Act (CZMA). This new law called for
preservation, protection and restoration of our coastal zones, recognizing the value of coastal
resources and habitats and the opportunities that existed for recreation, infrastructure and
development (CZMA 1972, Cole 2008). Furthermore, the CZMA also declared it a national
policy to encourage and assist states in creating state coastal zone management programs. These
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management programs would then be given the responsibility to designate land use along coasts,
balancing the need for both economic development and ecological, cultural and historic value
(Cole 2008, CZMA 1972, Johnson 2000).
Based on this federal policy initiative, Maryland’s Coastal Zone Management Program
was established by the Maryland Department of Natural Resources (MD DNR) in 1978. Similar
to other states, this program was given the responsibility to preserve and protect resources,
economic and social stability, and public interest along coasts. In addition, it was charged with
the responsibility to designate land use along coastlines, such as appropriate sites for
development and facilities (Cole 2008, Johnson 2000).
The Maryland Coastal Zone Management Program, however, is not a direct central
regulatory agency. Instead, the program uses a networking approach to administer and regulate
land use along Maryland’s coasts, relying on several other state agencies and local governments.
By distributing authority to other planning and regulatory programs on the state and local level,
the program can implement policy and land use at a more specialized and local level to ensure
efficient resource management (Johnson 2000).
In the 1990 CZMA Reauthorization, Congress acknowledged the potential impacts that
sea level rise may have on land use and resource management on coastlines. They found that
sufficient evidence existed to pursue anticipatory planning for increased coastal inundation and
erosion, and initiated policy to fund and support coastal states in their efforts to manage and
protect their coasts. This policy reauthorization also established the Coastal Zone Enhancement
Program, which allowed coastal states to request additional funding to reform their coastal
programs to enhance zone management and to create risk assessments and strategies (Johnson
2000). Since the Chesapeake Bay is an estuary, Maryland’s Coastal Zone Management Program
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has incorporated sea level rise planning and mitigation into its coastal planning, and has
distributed authority and responsibility to other programs (Johnson 2000). As stated before, this
includes many federal, state and local agencies, which are generally funded by federal programs.
These programs range from scientific task forces to planning organizations for management
strategies. Although many of these programs’ primary function is not sea level rise management,
their planning and scientific recommendations are influenced by inundation concern (Johnson
2000).

Federal Programs
There are a few federal programs and departments, besides the CZMA, that affect sealevel rise planning. An example of this is the Federal Emergency Management Agency (FEMA),
which is responsible for implementing the National Flood Insurance Program. This program
helps manage and mitigate developments that are vulnerable to flooding, including those in
coastal areas affected by sea level rise and storm surge. The Environmental Protection Agency
(EPA) and the National Oceanic and Atmospheric Administration (NOAA) have climate change
panels that make recommendations for sea level rise mitigation (Johnson 2000).
Perhaps the most important law protecting public interest in coastlines and wetlands is
the Clean Water Act 1972. Under this statute, property owners are required to obtain a permit to
dredge or fill any wetland affecting navigable waters of the United States. This permitting
process, run by the US Army Corp of Engineers, prevents landowners from draining wetlands,
protecting the integrity of coastlines (Titus 1998).
Recently, the Department of Interior has begun to investigate the threat of sea level rise.
In 2009, Interior Secretary Salazar issued an order to address the impacts of climate change
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(Secretarial Order 3289). Subsequently, President Obama issued an Executive Order for the
Chesapeake that directed federal agencies to conduct site level assessments to quantify climate
change vulnerability of the Bay’s coastal areas, prioritize management strategies, and
demonstrate adaptation approaches to restore and protect priority Chesapeake marshes
(Executive Order 13508). Since then, the US Fish and Wildlife Service has investigated the
potential threats associated with sea level rise, as well as potential adaptation techniques to
mitigate its effects. In September 2010, they developed a strategic plan to be used by the entire
agency: “Rising to the Urgent Challenge: Strategic Plan for Responding to Accelerating Climate
Change” (The Conservation Fund and Audubon MD/DC 2011, US FWS 2010).

Maryland State Programs
Although the federal government has some general influence in sea level rise
management through funding, FEMA and climate change panels, most efforts towards mitigation
and adaptation are seen in state level programs and policies. One group of state programs that
affect the policy and efforts to mitigate sea level rise in Maryland are agencies responsible for
overall wellbeing and health of the Chesapeake Bay watershed. These organizations include: 1)
The Chesapeake Bay Program, which is a partnership of state organizations to address general
environmental health in the Bay, and 2) The Chesapeake Bay Critical Area Program, which was
enacted by the Maryland General Assembly to reverse deterioration of important areas in the
Bay. Also on this list is the Maryland Coastal Bays National Estuary Program, which was
created in 1996 to restore and protect Maryland’s coastal bays. These programs, though
interested in general health of the ecosystem, now provide research, funding and advocacy for
many sea level rise initiatives in Maryland (Johnson 2000).
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Another set of state programs that affect sea level rise projects are state agencies and
policies in charge of wetland protection, restoration and conservation. One such policy is seen in
Maryland’s State Wetland Conservation Plan, which is an ongoing effort for statewide
preservation and protection of nearshore wetlands. An additional policy involved in wetlands
protection is the Wetlands and Riparian Rights Act. This policy, set forward by the Maryland
General Assembly, acts through the state to restrict and regulate activities that harm wetlands,
namely filling and dumping. Both of these policies, however, are affected by rising sea level due
to its potential to inundate wetlands. This threat has caused these organizations to have bigger
roles in sea level rise mitigation through increased wetland nourishment and migration
conservation (Johnson 2000).
Finally, there are many scientifically driven programs and task forces that have a role in
sea level rise prediction and adaptation. Primarily, these state organizations focus on the science
and management of erosion, including the Maryland Shore Erosion Task Force (1999) and Shore
Erosion Control Program (1968). Today, due to the threat of sea level rise, these programs are
responsible for prioritizing protection efforts to mitigate increased erosion (Johnson 2000).

Maryland Local Programs
In addition to state programs, there are many local government land use policies that now
incorporate sea level rise mitigation. One example is the Calvert County Zoning Ordinance.
This ordinance created a task force in 1992 whose primary responsibility is to examine erosion
issues and plan zoning mitigation to achieve optimal protection. An additional county-based
land use effort is in the Local Hazard Mitigation Plan for Maryland. This organization is
responsible for assessing county vulnerability to coastal flooding, and develops local hazard
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mitigation plans. Policies created by these local land use governments affect sea level rise
planning through zoning ordinances, land use regulation and development restrictions that affect
erosion or inundation potential (Grannis 2011, Johnson 2000).

Maryland’s Coastal Policies
In 2011, as a result of these programs at the federal, state and local level, MD DNR and
NOAA generated a report depicting enforceable coastal policies in Maryland (Maryland
Department of Natural Resources and NOAA 2011). Within this report, many policies relating
to projects for sea level rise and coastal erosion/inundation mitigation are discussed, particularly
those related to erosion control, alteration of the nearshore environment and coastal development
regulation. One subject related to sea level rise is policy surrounding flooding hazards.
According to the report, projects that increase risk of flooding to other property owners are
prohibited without a special permit. Generally, this includes installation of structures, such as
groins, which can affect accretion and erosion of neighboring areas (Maryland Department of
Natural Resources and NOAA 2011).
Another topic that is discussed is the impacts of certain projects on tidal wetlands. Under
Maryland policy, actions that alter the natural character of these wetlands and tidal waters must
avoid hazardous activities such as dredging and filling. If these actions cannot be avoided,
appropriate compensatory mitigation must be performed. This includes any alteration to the
environment that may affect accretion rates to those wetlands, which could result in increased
rates of inundation (Maryland Department of Natural Resources and NOAA 2011).
Finally, the policy surrounding tidal shore erosion control is also discussed. Specifically,
the policy outlines the procedures that must be taken for beach nourishment, such as grain size
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and sediment content requirements. Additionally, it discusses policy related to use of structures
to prevent erosion along beaches and wetlands. According to the report, Maryland requires that
erosion control must consist of non-structural shoreline stabilization that preserves the natural
environment, such as marsh creation or vegetation barriers. However, there are exceptions to the
rule where hard structures are permitted. To employ this technique, landowners or developers
must obtain a permit from the Department of the Environment. Overall, the report designates the
following erosion control methods (ranked from best to worst): 1) No action and relocation of
structure; 2) nonstructural shoreline stabilization (nourishment, marsh creation etc); 3) shoreline
revetments, breakwaters, groins designated to ensure establishment and long-term viability of
nonstructural shoreline stabilization projects; 4) shoreline revetments without intention of
preserving nonstructural stabilization; 5) breakwaters; 6) groins; and 7) bulkheads (Maryland
Department of Natural Resources and NOAA 2011).

State and Local Response Strategies
In response to the threat of sea level rise, the Maryland Department of Natural Resources
(MD DNR) teamed with NOAA in 2000 to develop an overall response strategy for the state of
Maryland. Development of this strategy, led by MD DNR’s Zoe Johnson, explored the
technology and data that exist on potential sea level rise, assessed Maryland’s vulnerability,
examined the state’s current response potential using the different programs also in place, and
then proposed a strategy. This strategy called for development of local adaptation plans
throughout Maryland between governments and land conservation organizations. These plans
utilize conservation and restoration practices to perform on-the-ground mitigation, and are also
in charge of education and outreach (Johnson 2000).
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As a further extension of the 2000 strategy, in July 2008, the MD Department of Natural
Resources collaborated with the MD Department of Planning and MD Department of the
Environment to produce a “Comprehensive Strategy for Reducing Maryland’s Vulnerability to
Climate Change". This plan illustrates the Maryland’s vulnerability to sea level rise, and goes
over key recommendations for state and local governments to minimize risks and losses. This
includes the need for marsh and infrastructure adaptation.
In 2008, MD DNR focused its sea level rise strategy on Dorchester County as a case
study due to its extreme vulnerability to sea level rise. Dorchester County is a low elevation area
on the eastern shore of Maryland, comprised of many coastal marshes and low-lying farmlands.
Due to its land cover and elevation (much of which is under 1 meter), the county is predicted to
experience high levels of inundation and erosion with rising seas (Burke and Dunn 2010, Cole
2008, Titus and Richman 2001).
In cooperation with Wanda Cole
from Eastern Shore Resource Conservation
and Development Council, MD DNR
created a technical guidance report for the
county. This report demonstrates the
current and future impacts of sea level rise,
including retreating marshes and inundated
properties (Figure 2). Many of these
properties lose all their value with

Figure 2. Inundated property at high tide in Dorchester County.
Photo taken from Cole 2008.

inundation, forcing landowners to abandon them or seek government subsidy to help them either
prevent or cope with flooding. Cole’s plan suggests potential strategies to negate these effects.
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These strategies include adopting ordinances that enables property owners to be eligible flood for
insurance buy-out programs, and using conservation easements to help preserve natural
shorelines (Cole 2008).
As a result of this initiative and concern for habitat along Maryland’s Eastern Shore, a
project team has been assembled for sea level rise adaptation in Dorchester County, particularly
for the Blackwater National Wildlife Refuge. This team includes the Conservation Fund,
Chesapeake Conservancy and Audubon Society, partnered with the U.S. Fish and Wildlife
Service and MD DNR. For this case study, these partners work to optimize methods to adapt to
rising seas. Generally this involves choosing from two possible options: 1) Protection and
restoration of beaches/wetlands to either prevent erosion or keep shorelines elevated above rising
sea level, or 2) Allow inundation and coastal retreat to occur, and adapt to migrating shorelines
(The Conservation Fund and Audubon MD/DC, Titus 1998).

1.3 Adaptation Strategies
Restoration and Protection
There are many different ways to, in some effect, stop or slow down inundation and
erosion caused by sea level rise. These methods fall under the categories of either 1)
Restoration/nourishment activities, or 2) Permanent protection structures along coastlines.
Restoration of beaches and wetlands with sediment nourishment is probably the most common
strategy applied today, especially for beaches. It involves building out a shoreline with dredged
sediment from another area (often from further out to sea). This can counter coastal erosion and
inundation to sea level rise by raising beaches and wetlands above sea level (Hardaway and
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Byrne 1999, Smith et al. 2007). This procedure is performed on a rotation based on economic
modeling, which relies on data depicting erosion rates (Smith et al. 2007, Titus et. al 1991).
Sediment nourishment that boosts accretion and allows beaches and wetlands to persist is
often considered the best strategy since property owners are able to continue living along
coastlines with no loss to property value, and wetland/near-shore environments retain most of
their productivity and biodiversity. However, this technique is only optimal when it is
economically feasible for the county or state to maintain it. Beach and wetland nourishment is
extremely expensive, and requires sediment additions every few years to keep shorelines above
rising seas. Unless counties are extremely wealthy or have large amounts of coastal
infrastructure that need to be protected, these million dollar projects can often be too expensive
to maintain (Titus et al 1991).
In addition to nourishment, another technique for protecting existing infrastructure and
beaches/wetlands from loss due to inundation and erosion is through permanent structures.
These structures, including bulkheads, sills, groins and sea walls, help to either capture sediment
in an area (boost accretion) or prevent erosion. A bulkhead or sill, for example, is a defensive
strategy that prevents sediments from eroding along shorelines through building a wall between
the water and land. Groins, on the other hand, are offensive structures that extend out into the
water to capture sediments moving alongshore, boosting the accretion to a beach or marshland
(Hardaway and Byrne 1999). Additionally, as specified by Maryland’s Enforceable Coastal
Policies 2011, another mitigation strategy exists in non-structural shoreline stabilization, or
planting vegetation, such as mangroves, along coastlines. Many of these plants have the ability
to accrete and bind sediments with their root systems, which allow sediment levels to stay
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elevated above rising seas (Maryland Department of Natural Resources and NOAA 2011,
Vermaat and Thampanya 2006).
Although the use of permanent structures can be useful on an individual property, it can
also have negative externalities on neighbors and near-shore environments. The use of defensive
structures like bulkheads and toe sills are very useful in decreasing erosion in one area, but
generally cause negative alterations to the nearshore ecosystem such as habitat loss. Likewise,
the use of offensive structures like groins can help boost the sediment accretion on one beach,
but generally cause lower accretion on neighboring beaches or wetlands. Causing detriments to
neighboring properties/public beaches or wetlands can introduce legal and public interest issues,
including negative effects to tourism due to degraded beaches and loss of property value in for
surrounding properties. Because of this, many permanent structures (especially groins) have
been outlawed in numerous states and countries, including those along Maryland’s Atlantic coast
(Maryland Department of Natural Resources and NOAA 2011, Titus 1998, Vernaat and
Thampanya 2006).

Conservation and Land Use Change
Another strategy exists in adaptation by allowing inundation and coastal retreat to occur,
but adapting to accommodate migrating marshes and beaches (Titus 1998). This technique is
often employed when it is economically infeasible to perform rotational beach/wetlands
nourishment, when permanent structures are prohibited, or when erosion or inundation potential
is so great that it is inefficient to prevent it. This procedure involves land use regulation and
planning (especially pertaining to development), or land acquisition/easement to allow for
beach/wetland migration inland (Burke and Dunn 2010, Grannis 2011, Titus 1998).
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One of the more popular strategies to allow natural marshes and beaches to persist is to
place conservation easements on and behind coastal areas. The use of an easement allows
property owners to sell some of their rights to ownership to public agencies or governments,
gaining tax breaks and monetary compensation. In most cases, owners will give up the right to
build or place certain structures on their area, thereby creating a situation where property owners
get some compensation and the environment is allowed to migrate naturally. These easements
can occur either on the coastline itself,
limiting development to allow smooth
transition of beach/wetland migration
or inundation, or behind the coastline
to plan for future migration (Titus
1998).
Since easements can be
tailored to meet the demands of both
the land trust and property owner
involved, there are a many different
easements that can be utilized in
shoreline mitigation. One of the most
popular easement types with respect
to sea level rise threat is a rolling
easement (Figure 3). Under this
easement clause, owners are allowed

Figure 3. Visual of rolling easements. This system allows some
construction by owners, but also requires the property owner to
recognize and accommodate the advance of nature. This involves a
retreat in the amount of land that is considered private, until
eventually the owner is required to move. Figure from Titus 1998.

to construct on their land, but must not
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affect the migration of shorelines. Private land, in this case, is considered everything upland of
mean high tide. Initially, the owner has rights to the entire property. However, as time goes by
and seas rise, the rights of the owner diminish since the intertidal system is deemed as public
land. Eventually, as low marsh intertidal areas encompass the majority of the land (past the
home that is usually on pilings) the owner must then pay rent for a period of time before
eventually being forced off the land. Deconstruction of the house would then occur, and the
coastline would continue its natural migration inland (Grannis 2011, Titus 1998).
The biggest conflict for this conservation adaptation technique is finding funding to
acquire or place easements on lands. As of now, funding generally comes from federal or state
governments, with matching funding from private or institutional sources. Acquisition or
easements on these lands, however, would help avoid large government spending on flood
insurance payouts and emergency response in the event of a storm. Avoidance of these costs
offsets some of the cost associated with these easements, making it more financially feasible for
the strategy to work (Grannis 2011).
In addition to conservation easement and acquisition programs, there are numerous land
use policy tools that can be implemented to adapt to a retreating shoreline. Primarily, this
includes a wide assortment of regulatory tools that alter the location and use of development in
coastal areas, established mostly by local or state governments. One such technique resides in
local government changes to zoning, building codes, setbacks/buffers and rebuilding policy. By
altering policy to limit or prohibit certain development/redevelopment types along coastlines,
losses to infrastructure with sea level rise can be reduced. This idea can also be used in
statewide floodplain regulations. By restricting development, redevelopment or insurance in 100
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year floodplain zones, state governments can slowly move infrastructure inland to areas less
prone to sea level rise (Grannis 2011).
These land use policy techniques, however, can often introduce legal issues due to
takings from current landowners. By telling a landowner that they can no longer build or protect
their homes in areas they already own, the government would be reducing the overall land value
(Titus 1998). Currently, these policies that balance power between private and public interest
along coastlines are constantly evolving with new scientific data on sea level rise and wetland
value. For example, in recent history there have been many legal controversies over the US
Army Corps of Engineers’ permitting process for the Clean Water Act. This rigorous permitting
process can also limit a landowner’s property value, and at times leads to lawsuits against local
and state governments for their restrictions (Titus 1998, Mitsch and Gosselink 2007).

1.4 Conservation Adaptation Strategy and Optimization with GIS
The decision of whether to use nourishment, permanent structures or land use strategies
to inhibit or mitigate erosion and inundation depends heavily on the current land use, policy,
economics and environment in a given area. Since beach nourishment is often prohibitively
expensive, and since protective structures and land use regulations often introduce more policy
problems than they solve, this project advocates the use of conservation easements and
acquisitions to allow natural shoreline and wetland migration, especially in low-income counties
like Dorchester. These techniques not only allow for marsh migration and natural retreat of
shorelines, but also compensate owners for their loss of property value.
Aside from finding funding, one of the main challenges in using easement or acquisition
is optimizing when and where to perform them. In recent history, organizations responsible for
conservation land deals, such as The Conservation Fund, have been preserving lands via
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acquisition and easement in areas of high inundation risk in Dorchester County. Up until now,
many of these deals have not accounted for future marsh migration and inundation, which may
result in poor easement structure that does not prohibit activities that may disturb marsh
migration, or a misallocation of funds towards lands that will be inundated in the near future.
Today, however, many new technologies exist to better understand and analyze these
problems. One such advancement is Geographic Information Systems (GIS). Over the past few
decades, geospatial technicians and researchers have been working to perfect applications of GIS
to help model future shoreline inundation and landcover change (Poulter and Halpin 2007,
Poulter et al. 2008, Titus and Richman 2001). Today, these models have become very
sophisticated, accounting for elevation, connectivity, ditch networks, soil, current land cover and
other environmental factors to see spatial change in coastlines (Craft et al. 2008, Poulter and
Halpin 2007, Poulter et al. 2008).
In recent years, two geospatial advancements in particular have emerged to look at spatial
change in elevation and marsh along coastlines: Light Detection and Ranging (LIDAR) and Sea
Level Rise Affecting Marsh Modeling (SLAMM). These two instruments are revolutionizing
this industry, allowing teams like the partners on the Blackwater National Wildlife Adaptation
Strategy to see elevation with a high degree of accuracy and spatial resolution (LIDAR) and use
that elevation to model where marsh migration will take place (SLAMM) (Burke and Dunn
2010, Craft et al. 2008, Poulter and Halpin 2007). Using these models, we get spatial
representations of where the effects of sea level rise will be seen, providing an opportunity to
adapt to prevent losses in ecosystem services and infrastructure (Craft et al. 2008).
Although these models help display marsh migration and inundation risks for large-scale
conservation strategies, they do not help optimize fine scale selection of properties for
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conservation. One potential tool to be used for optimizing site selection for easement or
acquisition is the use of a database. When using a database, information about properties, such
as size, land value and current ownership, can be linked with spatial data showing marsh
migration according to SLAMM. The database can then be queried based on criteria including
time period of marsh migration, type of marsh/wetland and information about the property to
create optimal site selection for natural migration of the shoreline. Using this, conservation
organizations can preserve lands to help marshes gradually retreat by first protecting lands
predicted for migration in the first 25 years, then the next 25 years and so on.

1.5 Project Purpose and Objectives
The purpose of this project is to create a tool that will aid conservation organizations in
selecting the most suitable sites for conservation acquisition or easement. To do this, a database
will be constructed that allows the user to query optimal properties for conservation. This
database will have two primary functions: 1) To allow the user to strategize where conservation
should take place by querying criteria (marsh migration period, wetland type, property features)
to generate a list of optimal properties for conservation, and 2) To allow the user to query a
property currently in discussion for easement/acquisition and see changes in marsh and land
cover in 25 year increments for the next century. By using the first function of this tool, a
conservation organization can spatially and temporally optimize its acquisitions or easements,
allowing marsh migration to occur naturally. Using the second function, this tool will help
optimize the structuring of easements or acquisitions by taking marsh migration and inundation
potential into account.
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In order to create this database, SLAMM model output was processed using ArcGIS to
show static marsh cover at 5 points in time (now (2011), 2025, 2050, 2075 and 2100), separated
by marsh type. SLAMM data were processed to show changes, in the form or migration,
persistence and loss, in marsh cover over the 4 time intervals between those years (now-2025,
2025-2050, 2050-2075 and 2075-2100). These outcomes were overlaid on Dorchester County
property data, allowing us to see hectare cover and change at the property level in each year and
interval. These results were then inserted into a database to allow users to query either the first
or second function listed above.
In addition to the database, this project also seeks to create a new way to look at
inundation risk. Currently, SLAMM and other models have many limitations, such as not
accounting for connectivity and hydrology of the landscape for inundation risk. To do this, a
principle component analysis (PCA) were performed using different hydrology and geographic
features of the landscape to see overall risk of inundation. Principle component analysis is a
statistical method that spatially relates independent variables that uses an orthogonal
transformation to convert variables into independent principle component based on correlations.
By using this technique all of the variables that help to explain an area’s vulnerability to sea level
rise can be condensed into a single factor, resulting in a simplified view of inundation risk (Carle
et al. 2005).

1.6 Project Partners
This project originated as a part of the Blackwater National Wildlife Refuge Adaptation
Strategy currently being created by The Conservation Fund, Chesapeake Conservancy and
Audubon MD/DC (The Conservation Fund and Audubon MD/DC). The project is also
supported by the US Fish and Wildlife Service (Blackwater NWR Staff) and the Maryland
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Department of Natural Resources. The resulting database from this project will be distributed to
these organizations to be used as a part of the sea level rise adaptation strategy for conservation
of the Refuge and Dorchester County.

2.0 METHODOLOGY
2.1 Overview of Methods
In order to create the database, SLAMM model output was first processed using ArcGIS
to show marsh and non-marsh cover at five points in time (now (2011), 2025, 2050, 2075 and
2100), separated by landcover type. From this, further processing was performed to show
changes, including migration, persistence and loss, in marsh or non-marsh cover over the four
time intervals spanning the years of SLAMM output (2011-2025, 2025-2050, 2050-2075, 20752100). Zonal statistics was then performed to see landcover in each year and landcover change
between years in each property located in Dorchester County, creating tables displaying area of
each wetland or non-wetland category at the property level in each year and interval. The
resulting tables were then merged together using Microsoft Excel, and then inserted into a
Microsoft Access database, along with a table showing property details such as ownership, area
and land value, to allow users to query for either the first or second database function.
Principle component analysis was then performed to show inundation risk throughout
Dorchester County. Variables in the analysis included flow accumulation, marsh density/type,
elevation (LIDAR), distance to coastline and density of steams/ditches. The output, a surface
raster displaying relative inundation risk in the county, was then processed using zonal statistics
to generate a table showing average risk in each property. This table was then imported into the
database, where it can be used to query properties.
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2.2 SLAMM Data Processing
*** See model captions in Appendix B for more specific GIS methodology
Static Landcover
SLAMM model output for 2011, 2025, 2050, 2075 and 2100, obtained from the
Maryland Department of Natural Resources, and a shapefile containing the properties in
Dorchester County obtained from the US Fish and Wildlife Service were imported to ArcGIS
software. A geoprocessing model was then used to extract a single landcover from each year,
resulting in five raster files for the five years of SLAMM output (Appendix B, Model 1). From
this, zonal statistics were performed on each raster, using the property data as the zones
(Appendix B, Model 2), in order to see predicted landcover in each year for that wetland/nonwetland category. This resulted in five tables depicting the total pixel count (1 pixel = 900m2) in
properties predicted to have that landcover type in the given year. This procedure was used
fourteen times to account for the fourteen landcover types observed in Dorchester County, MD
(Table 1).

Table 1. Wetland and non-wetland categories for Dorchester County according to SLAMM.
Wetland Types
Non Wetland Types
FW Swamp
Developed Land
Inland Freshwater Marsh
Undeveloped Dry Land
Tidal FW Marsh
Estuarine Open Water
Transitional Salt Marsh
Tidal Flat
Regularly Flooded Marsh Riverine Tidal Open Water
Irregularly Flooded Marsh
Inland Open Water
Tidal Swamp
Estuarine Beach

In order to prepare the seventy resulting static landcover tables for use in the database,
the tables were imported into Microsoft Excel and merged together using an excel ad-in based on
OID (property ID), resulting in one master table showing every property and the landcover
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observed in each year for each landcover type. This master table was then converted from pixel
to hectare area to be used in the database.

Interval Landcover Changes (Migration, Persistence, Loss)
SLAMM output for 2011, 2025, 2050, 2075 and 2100, obtained from the MD
Department of Natural Resources, and a shapefile containing the properties in Dorchester County
obtained from the US Fish and Wildlife Service were imported to ArcGIS software. A single
geoprocessing tool was then used to determine migration, persistence and loss of different
wetland types in Dorchester County, Maryland over 25 year intervals according to SLAMM
predictions (Appendix B, Model 3). To do this, a single landcover type was extracted for each
year. Using the raster calculator and reclassify tools, these data were then subtracted from each
other and reformatted to see changes in that landcover type over each interval period. Final
output resulted in a raster grid depicting changes in wetland coverage from 2011 to 2025, 2025
to 2050, 2050 to 2075, and 2075 to 2100. As with the static landcover processing, this procedure
was run fourteen times to account for the fourteen landcover types observed in Dorchester
County, Maryland (Table 1).
The next step was to develop tables to show changes in land cover of each wetland/nonwetland type in each time interval for each property in Dorchester County. To do this, sum zonal
statistics in ArcGIS software were used for each of the raster datasets (showing migration,
persistence and loss as described above), with the zones defined as properties (Model 4). The
output generated 56 tables (one for each wetland in each time interval) depicting the net change
in coverage (positive = migration, negative = loss, 0 = persistence, No Value = Cover did not
exist in either time period). These tables were then compiled into one table, showing property ID
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as the row with a column for change in each land cover type in each period. Data were also
converted from pixels (900 square meters) to hectares.

2.3 Property Conservation Database Creation
A database was created using Microsoft Access software (2003 template). Three tables
were then imported for analysis: 1) Dorchester County property information; 2) SLAMM
interval landcover changes table; 3) SLAMM static landcover table. These tables were then
linked by their property ID (“OID”). By doing this, a single query can be performed using
criteria from one or more of the tables to look at suitable properties and see information about
those properties.
In the database, example queries were also constructed to provide a template for users to
achieve the first and second goal of the database. In total, four example queries were created,
with a fifth query that allows one to export the resulting table. These queries allow users to: 1)
select properties based on criteria, including information about the property (area, land value,
etc.), and if the property is predicted to experience marsh migration (can select by marsh type as
well), 2) see predicted landuse cover in the five SLAMM data years for a property of the user’s
choosing. Using these, the user can see, in 25 year intervals, how the land is predicted to shift in
cover (including marsh migration and inundation).

2.4 Inundation Risk Principle Component Analysis
*** See model caption in Appendix B for more specific GIS methodology
LIDAR elevation data, SLAMM model output, NHD hydrology data and state boundary
data, obtained from NOAA, MD Department of Natural Resources, US Geologic Survey and
ESRI respectively, were imported into ArcGIS software. A single geoprocessing tool was then
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created and utilized to reformat the data into five environmental variables affecting inundation
risk to be used in principle component analysis: flow accumulation, elevation (LIDAR), distance
to coastline, wetland density and stream/ditch density (Model 5). The final format for each
environmental variable dataset was a raster image file with a 0-10 scale and a 30m cell size.
In the model, LIDAR elevation data were first resampled to be 30m cell size, run through
flow accumulation and reformatted to be on a 0-10 scale, producing the flow accumulation
variable. The LIDAR raster was also processed to show low elevation as high risk (lowest
elevation = 10, higher = 0, producing the elevation variable. SLAMM data depicting current
landcover were then utilized to create the wetland density variable by using focal statistics to
transform the data into a raster density surface. NHD hydrology data were then processed using
focal statistics to create the fourth environmental variable for PCA: density of streams and
ditches in the county. Finally, a coastline shapefile was created and then digitized, using the
state boundary data as a trace. This shapefile was then run through Euclidean distance to see
distance to coastline, thus creating the fifth and final environmental variable.
These five variables were then run through the principle components tool in ArcGIS,
resulting in five GIS raster layers representing principle components. These components are a
statistical representation of correlation between all five variables, with the first component
representing the best correlation between all variables, the second representing the second best
correlation, and so forth until the fifth. Together, the five components explain all of the variance
between the five environmental variables. Output from this function also produced a text file,
which contains eigenvalues, eigenvectors and correlations between the individual variables. By
examining these, one can understand what each principle component was influenced by, how
much variance it explained, and what correlations exist between the variables.
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In order to make this information applicable to conservation organizations, the first
principle component that resulted from this analysis was also used as an additional table in the
database. To do this, the resulting raster layer was reclassified using raster calculator to be on a
0-10 scale, and then run through MEAN zonal statistics using the property data supplied by the
US FWS as zones. This resulted in a table displaying the overall inundation risk for each
property (property identified as its OID). The table was then imported into the database to be
used in queries.

3.0 RESULTS
3.1 SLAMM Interval Maps and Tables
The resulting raster files showing migration, loss and persistence of the different land use
types created in Model 3 were formatted into maps showing the four transition periods of one
land use type next to each other (Appendix A, Figures 2-15). Furthermore, a map was created
showing migration of all marsh types, as well as estuarine flooding, in the different transition
periods (Appendix A, Figure 16). These maps provide conservation organizations with a better
understanding of where migration and flooding are occurring on a 25-year scale, allowing them
strategize and prioritize acquisitions and easements. Furthermore, the tables created from Model
4 showing hectare change in landcover over the interval periods were summarized (Tables 1 and
2a-n). These summary tables give a better perspective of the transitions in landcover that will
occur.
Overall, the maps and tables show the expected trend of marsh migration and flooding.
Many of the southern areas of Dorchester County appear to experience migration of high marsh
(irregularly flooded marsh) in early intervals, followed by migration of low marsh (regularly
flooded marsh) and tidal flats. Finally, these areas are then predicted to experience inundation
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(migration of estuarine open water). This trend is evident in most areas in southern Dorchester,
showing a gradual progression of marshes and inundation northward with time along the
elevation gradient (Appendix A, Figure 16).
Summary tables of the SLAMM interval data also show a general pattern of landcover for
the entire county (Tables 1 and 2a-n). In early periods, there appears to be high net migration of
transitional and regularly flooded marsh, and some low net migration in tidal flats and flooding.
Irregularly flooded marsh, considered a high priority marsh by the Blackwater National Wildlife
Refuge Adaptation Strategy team, instead shows a substantial loss in these early periods. As
time progresses, there appears to be a transition where marshes show limited migration, and
inundation occurs much more quickly. By the final period, all types of marsh in the county are
showing rapid decline, and the majority of southern Dorchester is inundated. When observing
the map, it appears that there is either an elevation or structural barrier to marsh migration in the
middle of the county, or a threshold where the rate of sea level rise supersedes the rate of marsh
migration and accretion. By the final interval, most of the irregularly flooded marsh has
disappeared, and the regularly flooded marsh and transitional marsh appear to be following in
suit.

3.2 Property Conservation Database
Example Queries Created in Database
1) Properties over 200 Acres with Migration of Irregularly Flooded Marsh from 2011 to
2025
a. This query selects properties that are over 200 acres (ACRES > 200) and have
migration of irregularly flooded marsh during the first time interval of SLAMM
data (2011 to 2025) (Irregularly Flooded Marsh 2075 to 2100 > 0). The output
table shows the net hectare migration of marsh into the suitable properties during
the time interval, as well as information about them including the area, ID and
ownership. Irregularly flooded marsh is very valuable migratory waterfowl
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habitat, and may be chosen by a conservation organization as a priority area (See
Appendix A, Figure 17 for design view in Microsoft Access).
2) Properties with Over 10 HA of Regularly Flooded Marsh Migrating from now to 2025
a. This query selects properties with large amounts of regularly flooded marsh
migration (over ten hectares) from now until 2025. The output table shows the
net hectare migration of marsh into the suitable properties during the time
interval, as well as information about them including the area, ID and ownership.
Conservation organizations may want to only select properties with large volumes
of migration, rather than focusing on small amount of migration that may
disappear in the next time horizon.
3) Properties with Migration of Any Wetland Type from Now to 2025 and a Land Value
Under $50,000
a. This query selects properties that have migration of any wetland type in the first
interval (irregularly flooded marsh > 0, or regularly flooded marsh > 0, or
transitional salt marsh > 0, or freshwater swamp > 0, or inland freshwater marsh >
0, or tidal freshwater marsh > 0, or tidal swamp > 0), and also has a land value
(without development value) under $50,000 (NFMLNDVL < 50000). The output
table shows the net hectare migration of marsh into the suitable properties during
the time interval, as well as information about them including the area, ID and
ownership. This would be a useful query for an organization looking to preserve
any type of wetland migration, but at a low cost of acquisition or easement.
4) Query for SLAMM Static Land Cover For a Selected Property
a. This query allows the user to select a single property and see the predicted
landcover in all five years of SLAMM data. The output shows the acres of the
property selected, the land value of that property, and then the SLAMM land
cover for all wetland/non-wetlands in each year. This would be useful for a land
trust organization when a property owner approaches them about an easement or
acquisition by allowing them to understand the future risk associated with that
property, which could potentially affect the land deal should the risk be very high
(See Appendix A, Figure 18 for design view in Microsoft Access).
5) Copy of Query 1 for Table Creation
a. This query is the same query as #1, but creates a table when performed into the
database. This table can then be exported to be used separately.

Query Analysis
Queries 1, 2 and 3 provide examples on how the database allows a person to achieve the
first goal of the database: select properties based on criteria, including information about the
property (area, land value, etc.), and if the property is predicted to experience marsh migration
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(can select by marsh type as well). In the first query, for example, the user has chosen to seek
properties where irregularly flooded marsh is predicted to occur in the first time interval. They
have also chosen to see properties that are at least 200 acres in size, so that conservation would
allow large scale migration of marsh to take place. The result of this example query showed 73
properties that met the criteria, most of which were located in the middle of the county
(Appendix A, Table 3 and Figure 19). Table 3 in the Appendix A shows a portion of the output
table that was generated, which shows the amount of marsh that will migrate into the property in
the first interval, followed by statistics about the property itself. By using this, a conservation
organization can seek out these properties for conservation to help preserve the valuable marsh
that is predicted to migrate through that area.
Query 4 shows an example of how the user can achieve the second goal of the database:
to see predicted landuse cover in the five SLAMM data years for a property of the user’s
choosing. In this query, the user selects a property (OID = 3143), and is then given information
about future land use changes in the property (Appendix A, Table 4). The user is also given the
inundation risk of the property according to the principle component analysis. The property
chosen in this example shows all steps of natural shoreline migration; displaying predicted
migration of transitional and irregularly flooded marsh, followed by migration of regularly
flooded marsh and tidal flats, and finally showing inundation of the property in the later time
intervals. It could, therefore, be a prime candidate for an easement or acquisition to allow marsh,
as well as the Blackwater National Wildlife Refuge, to retreat, and also to avoid loss of property
value for the property owner.
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3.3 Inundation Risk Principle Component Analysis
Environmental Variables
The five environmental variables used in this principle component analysis showed
varying spatial patterns of inundation risk in the county. Flow accumulation, based on LIDAR
data provided by NOAA, showed high drainage and water retention (scored as high risk in PCA)
in low elevation areas in the center of the county surrounding Blackwater Lake (Appendix A,
Figure 20). It also showed flow paths along many canals and streams in the county. Distance to
shoreline showed high values along much of the coastline for the county, as expected (Appendix
A, Figure 21). Wetland density showed high risk in many low elevation coastal areas in the
southern section of Dorchester (Appendix A, Figure 22). Elevation, based on LIDAR data,
showed low areas (valued as high risk in PCA) in the southern half of Dorchester, particularly
along coastlines and surrounding Blackwater Lake in the center of the county (Appendix A,
Figure 23). Finally, ditch/stream density showed a highly randomized pattern throughout the
county (Appendix A, Figure 24).
Although the different variables had unique patterns in the county, there were some
correlations seen in their spatial layout in the principle component analysis. Strong correlations
were seen between wetlands and elevation, flow accumulation and elevation, wetlands and
ditch/stream density, and distance to shore to ditch/stream density (Appendix A, Table 5).

Principle Component Analysis
The five resulting layers created by PCA showed different influences of the five
variables, and had differences in percent of variance they explained. The first component
explained the most variance, accounting for approximately 53% (Appendix A, Table 6). Overall,
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this component heavily reflected the elevation and wetland density variables, showing
correlations of 70% and 69% respectively. The other three variables had lower influence on the
component, all showing between 8-13% (Appendix A, Table 7). When observed on a map, the
first principle component shows high risk in most of the lower half of the county, and in flow
paths traveling up into the northern half (Appendix A, Figure 25).

4.0 DISCUSSION
4.1 Recommendations for Conservation
After reviewing the maps, tables and sample queries for the Dorchester County, it is
evident that proactive steps must be taken to ensure natural migration of marsh and relocation of
the Blackwater National Wildlife Refuge. These steps must be directed towards many
stakeholders, including US FWS (managers of the Refuge), residents of Dorchester County and
the environment itself. Overall, a combination of easements, acquisitions and restoration
projects would be needed. By creating an overall strategy that incorporates these activities, this
national treasure can persist for future generations to enjoy. Furthermore, residents of the county
can live out some of their lives on their land, and/or receive some compensation despite losing
their homes to the Chesapeake Bay.
One of the most difficult decisions in this process is determining which of these activities
(conservation easement or acquisition) to use for a given property. The database and maps
created in this project can be utilized to achieve this goal. Overall, the following strategies are
recommended:

1) Conservation easements should be applied to properties that are predicted to
experience marsh migration and then inundation in the near future (i.e., by 2050).
Page 33

Full acquisition of these properties would be a non-optimal use of funds since
primary marsh habitat (namely irregularly flooded marsh which is prime bird habitat
in Blackwater) does not persist. By using an easement that is structured to allow for
marsh migration, citizens can still stay on their land, but also help alleviate land use
problems that would be seen in future erosion and inundation by converting their land
to public use once flooding occurs (e.g., conversion of land to be part of the
Blackwater National Wildlife Refuge) (Grannis 2011). In the database, queries
should be constructed to depict properties experiencing marsh migration in early
intervals, and flooding in late intervals. These queries should focus on large
properties, if possible, to allow macro scale migration.

2) Acquisitions should be placed on properties that are predicted to have long-term
persistence of marsh habitat. By acquiring these properties, the refuge (including its
headquarters) can relocate further inland. In the database, queries should be built to
see properties predicted to have marsh (especially irregularly flooded marsh) in
multiple periods, namely 2075 and 2100. These queries should focus on adjacent
properties to allow for connectivity in the Refuge.

4.2 Limitations in Methodology
Throughout the SLAMM and PCA data processing there were a few limitations that may
have induced error in the resulting maps and database tables. One of the largest sources of error
lies in the problems associated with the SLAMM output provided by the Maryland Department
of Natural Resources. An important component of modeling inundation is the relationship
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between cells in an elevation raster surface. Having a connectivity rule, such as those seen in a
study conducted by Poulter and Halpin (2007), allows one to see water flow from one cell to the
next. This accounts for the various canals, ditches and stream networks in a region, introducing
hydrology into sea level rise modeling. As it stands, SLAMM data lacks this connectivity rule.
Instead, it looks at the current elevation, slope, accretion and landcover of each separate pixel,
and makes an assumption of what that pixel will be in the future based on sea level rise
predictions. As such, it does not account for accumulation and flow of water, which may create
false assumptions in the model (Poulter and Halpin 2007). This study attempted to counter this
problem by using flow accumulation in the principle component analysis.
In addition to lacking a connectivity rule, the SLAMM data used in these analyses also
makes simplifying assumptions and excludes certain environmental factors. By doing this, the
model does fully represent the overall accretion and sea level rise relationship, which may
introduce error to the marsh migration predictions in the database. For example, it does not
account for episodic, but intense storm and erosion events (Matson 2009).
Furthermore, the resolution of both the SLAMM and PCA data may have introduced
error. Although both models were based heavily on LIDAR data (which has a high horizontal
and vertical resolution), data in both analyses were coarsened in order to decrease processing
time and align them with the resolution of other data sets in the model. By doing this, the
principle component analysis may not have captured all stream and ditch networks, and the
SLAMM data processing may overestimate marsh migration on certain properties in the
database.
Finally, a limitation also occurred in assigning “inundation risk” values for each
environmental variable in the PCA. In order to perform the analysis in GIS, each variable had to
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be translated to a relative inundation risk on a 0-10 scale. To do this, each variable was
reformatted in different ways, including rescaling the data (e.g. reclassifying 0-54 data as 0-10,
or using a logarithmic scale) and assigning arbitrary classifications based on sea level rise
predictions (used to reformat elevation variable). These reclassifications may have created false
“inundation risk” values in certain areas, especially in the elevation variable, leading to
inaccurate results.

4.3 Future Research
The deliverables created in this presentation open many directions to future analyses for
sea level rise adaptation. The most pressing need for future analysis exists in expansion of the
SLAMM processing and database. There are many counties besides Dorchester, Maryland along
the nation’s coastlines that are also in dire need of adaptation to sea level rise. Expansion of
these analyses into other counties will allow conservation organizations like The Conservation
Fund, Chesapeake Conservancy and Audubon Society to help perform regional adaption to sea
level rise in the Chesapeake Bay and beyond.
In addition to expansion, future research should also be conducted to refine and update
the SLAMM database. Further refinement of SLAMM modeling to account for connectivity and
other environmental factors would give a more accurate depiction of future marsh migration and
inundation. Additionally, due to the limitations of modeling, ground-truthing and local
monitoring of sites should be conducted in order to determine the validity of marsh migration
predictions in Dorchester properties. Active management of the SLAMM database should be
conducted to apply these improvements and ground-truth data, thereby increasing the accuracy
of this conservation tool.
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5.0 CONCLUSION
The fate of the Dorchester County and the Blackwater National Wildlife Refuge is in
doubt due to rising seas. However, this project creates an opportunity to help preserve this
national treasure for future generations. The project advocates the use of conservation easements
and acquisitions to adapt for a migrating coastline, and provides a tool in which to optimize
where and when there techniques should be applied. By utilizing conservation to adapt to a
retreating coastline, important and productive marshlands can be preserved and homeowners can
be compensated for future losses to their property value. Furthermore, data processing and
deliverables developed in this report provide an example of local adaptation that can be used
other coastal communities throughout the nation.
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8.0 APPENDICIES
8.1 Appendix A: Tables and Figures
Table 1. Table depicting net changes in landcover in each transitional period of SLAMM data. Area in Hectares.

Developed Land
Undeveloped Dry Land
FW Swamp
Inland Freshwater Marsh
Tidal FW Marsh
Transitional Salt Marsh
Regularly Flooded Marsh
Estuarine Open Water
Tidal Flat
Irregularly Flooded Marsh
Tidal Swamp
Riverine Tidal Open Water
Inland Open Water
Estuarine Beach

Change in Hectares Over Each SLAMM Time Interval
Now to 2025
2025 to 2050
2050 to 2075
0
0
0
-2989.17
-5450.31
-7968.96
-1287.99
-2148.84
-1982.25
-58.32
-107.91
-127.62
-530.46
-159.39
-63.99
1770.66
2238.75
1319.94
9930.33
11289.42
-1517.67
986.58
3255.39
10485.99
223.2
7143.66
11089.17
-4609.71
-13438.17
-9957.51
-2564.46
-2317.68
-1169.28
-719.64
-171.72
-29.16
-144.99
-108.09
-71.46
-5.94
-22.68
-6.12

2075 to 2100
0
-6117.21
-1622.7
-109.98
-26.37
-2441.43
-7272.99
22056.48
-2084.4
-1876.41
-443.7
-10.44
-45.81
-4.77

Net Migration
Net Loss
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Table 2 a-n. Tables showing change in individual landcover over transitional SLAMM intervals. Area in Hectares.
a
Migration
Persistence
Loss
b
Migration
Persistence
Loss
c
Migration
Persistence
Loss
d
Migration
Persistence
Loss
e
Migration
Persistence
Loss

Developed Land
Now to 2025
0
1262.7
0

2025 to 2050
0
1262.7
0

2050 to 2075
0
1262.7
0

2075 to 2100
0
1262.7
0

Undeveloped Dry Land
Now to 2025
0
77325.03
2989.17

2025 to 2050
0
71874.72
5450.31

2050 to 2075
0
63905.76
7968.96

2075 to 2100
0
57788.55
6117.21

FW Swamp
Now to 2025
0
15280.92
1287.99

2025 to 2050
0
13132.08
2148.84

2050 to 2075
0
11149.83
1982.25

2075 to 2100
0
9527.13
1622.7

Inland Freshwater Marsh
Now to 2025
0
786.24
58.32

2025 to 2050
0
678.33
107.91

2050 to 2075
0
550.71
127.62

2075 to 2100
0
440.73
109.98

Tidal FW Marsh
Now to 2025
0
264.24
530.46

2025 to 2050
0
104.85
159.39

2050 to 2075
0
40.86
63.99

2075 to 2100
0
14.49
26.37

Result
No Gain or Loss

Result
Moderate Loss

Result
Moderate Loss

Result
Moderate Loss

Result
Moderate Loss

Page 42

f
Migration

Transitional Salt Marsh
Now to 2025
3478.32

2025 to 2050
7700.04

2050 to 2075
10065.87

2075 to 2100
7838.64

Persistence
Loss

3257.46
1707.66

1274.49
5461.29

228.6
8745.93

14.4
10280.07

g

Regularly Flooded Marsh
Now to 2025
10007.73
93.06
77.4

2025 to 2050
21366.45
23.76
10077.03

2050 to 2075
19867.95
4.59
21385.62

2075 to 2100
12598.38
1.17
19871.37

Estuarine Open Water
Now to 2025
986.58
65715.66

2025 to 2050
3255.39
66702.24

2050 to 2075
10485.99
69957.63

2075 to 2100
22056.48
80443.53

Result
Major Flooding

2025 to 2050
7495.2

2050 to 2075
18596.97

2075 to 2100
16518.51

Result

Migration

Tidal Flat
Now to 2025
269.55

Persistence
Loss

106.56
46.35

24.57
351.54

11.97
7507.8

6.03
18602.91

Irregularly Flooded
Marsh
Now to 2025
2397.87
24049.89
7007.58

2025 to 2050
2472.12
10537.47
15910.29

2050 to 2075
1227.33
1824.75
11184.84

2075 to 2100
465.21
710.46
2341.62

Migration
Persistence
Loss
h
Flooding
Persistence
i

j
Migration
Persistence
Loss

Result
Major Transition (Migration and
Loss)

Result
Major Migration then Loss

Major Transition (Migration and
Loss)

Result
Major Loss and Some Migration
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k
Migration
Persistence
Loss

l
Migration
Persistence
Loss
m
Migration
Persistence
Loss
n
Migration
Persistence
Loss

Tidal Swamp
Now to 2025
0
4163.31
2564.46

2025 to 2050
0
1845.63
2317.68

2050 to 2075
0
676.35
1169.28

2075 to 2100
0
232.65
443.7

Riverine Tidal Open
Water
Now to 2025
0
376.92
719.64

2025 to 2050
0
205.2
171.72

2050 to 2075
0
176.04
29.16

2075 to 2100
0
165.6
10.44

Inland Open Water
Now to 2025
0
622.35
144.99

2025 to 2050
0
514.26
108.09

2050 to 2075
0
442.8
71.46

2075 to 2100
0
396.99
45.81

Estuarine Beach
Now to 2025
0
39.15
5.94

2025 to 2050
0
16.47
22.68

2050 to 2075
0
10.35
6.12

2075 to 2100
0
5.58
4.77

Result
Major Loss

Result
Some Loss

Result
Moderate Loss

Result
Some Loss
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Table 3. Example of table generated by “Query 1”. Table shows acres of irregularly flooded marsh that migrate into the property from now
to 2025, as well as information about the property such as ID, size, location, ownership and land value.
Change in Irregularly
Flooded Marsh now
to 2025 (HA)

Property
Acres

OBJECTID

DIGXCORD

DIGYCORD

131.31

602.57

2668

506396.5

87.57

1461.67

22170

51.03

272.02

2643

50.4

272.2

43.56
40.77

ADDRESS

CITY

ZIPCODE

ACRES

LANDAREA

94647.7

602.57

602.57

503739.9

94780.6

1461.67

1461.67

508101.1

95686

272.02

272.02

2991

507513.7

94903

272.2

272.2

980.38

3143

468061.6

86316.8

980.38

980.38

414.53

642

506802.3

99495.7

414.53

414.53

36.18

1485.28

21709

510436.6

98302.7

5700
NANTICOKE
ROAD

33.48

396

17410

496233.6

90917.8

4331 NEW
BRIDGE ROAD

26.91

458.03

3284

471881.4

85167.1

458.03

458.03

21.33

392

21678

508017

100500.6

392

392

21.24

441.61

18550

494624.9

88625

15.21

908.873334

18771

0

0

13.23

238.19

3041

496476.6

89977.2

10.8

347.84

17349

495245.3

87545.7

10.8

912.76

2710

498338.2

92068.2

4343
RAVENWOOD
ROAD

4165
DRAWBRIDGE
ROAD

RHODESDALE

21659

1485.28

1485.28

VIENNA

21869

396

396

VIENNA

CAMBRIDGE

21869

21613

441.61

441.61

908.873334

0

238.19

238.19

347.84

347.84

912.76

912.76
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Table 4. Example of table generated by “Query 4”. Table shows predicted landcover for selected property for 2011, 2025, 2050, 2075 and
2100. Also shows property acres, property ID and predicted inundation risk from PCA analysis.
Property Acres

OBJECTID

Inundation Risk (1-10)

980.38

3143

4.54379

Landcover Type

Current Area (2011, HA)

2025 Area (HA)

2050 Area (HA)

2075 Area (HA)

2100 Area (HA)

Irregularly Flooded Marsh

56.43

99.99

30.96

3.6

0.54

Regularly Flooded Marsh

0

50.22

155.97

114.21

66.69

Transitional Salt Marsh

29.7

65.79

85.5

63.63

8.1

Tidal FW Marsh

20.16

5.04

0.27

0

0

Tidal Swamp

70.83

18

1.08

0

0

FW Swamp

16.83

14.22

4.23

0.27

0

Inland FW Marsh

1.98

0.36

0.09

0

0

Estuarine Open Water

3.6

3.6

4.23

55.62

213.48

Inland Open Water

0.27

0.27

0

0

0

Riverine Tidal Open Water

0

0

0

0

0

Tidal Flat

0

0.36

50.22

154.8

111.15

Estuarine Beach

0

0

0

0

0

Developed Land

0.18

0.18

0.18

0.18

0.18

Undeveloped Dry Land

200.43

142.38

67.68

8.1

0.27
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Table 5. Correlation matrix for the five environmental variables used in PCA. Values represent correlations between the different variables
(1=100% correlation).
Correlation Matrix

LIDAR
Dist to Shore
Ditch/Streams
Flow Accumulation
Wetland Density

LIDAR
1
0.04
0.19
0.29
0.49

Dist to Shore
0.04
1
0.31
-0.03
0.19

Ditch/Streams
0.19
0.31
1
-0.01
0.26

Flow Accumulation
0.29
-0.03
-0.01
1
0.09

Wetland Density
0.49
0.19
0.26
0.09
1

Table 6. Eigenvalues and percent of total variance between the five environmental variables explained in the resulting 5 principle
components from PCA analysis.
Principle Component
1
2
3
4
5

Eigenvalues
10.14
4.10
2.98
1.07
0.94

Percent of Variance Explained
52.72%
21.32%
15.51%
5.59%
4.87%

Table 7. Eigenvectors of environmental variables in each principle component from PCA analysis, representing how much of each variable
was represented in the component.

LIDAR
Dist to Shore
Ditch/Streams
Flow Accumulation
Wetland Density

1
0.70
0.13
0.11
0.08
0.69

Eigenvectors
Principle Component
2
-0.52
0.74
0.16
-0.13
0.37

3
0.46
0.63
0.11
0.10
-0.61

4
-0.14
0.11
-0.44
0.88
0.08

5
-0.12
-0.17
0.87
0.44
-0.03
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Figure 1. Map depicting lands close to sea level in the Chesapeake and Delaware Bays. Figure
taken from Titus and Richman 2001.
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Figure 2. Predicted changes in irregularly flooded marsh (high marsh) cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 3. Predicted changes in regularly flooded marsh (low marsh) cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 4. Predicted changes in transitional salt marsh cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 5. Predicted changes in tidal freshwater marsh cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 6. Predicted changes in inland freshwater marsh cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 7. Predicted changes in freshwater swamp cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 8. Predicted changes in tidal swamp cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 9. Predicted changes in tidal flat cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 10. Predicted changes in estuarine open water (flooding) cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 11. Predicted changes in inland open water cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 12. Predicted changes in riverine tidal open water cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 13. Predicted changes in estuarine beach cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 14. Predicted changes in developed land cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 15. Predicted changes in undeveloped dry land cover over 25 year intervals in Dorchester County based on SLAMM.
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Figure 16. Predicted marsh migration and flooding in Dorchester County over 25 year intervals based on SLAMM.
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Figure 17. Microsoft Access design view of “Query 1”. Image shows the two tables (SLAMM Interval Changes and Property Information)
linked by OID (ID for property), and the criteria set (Irregularly Flooded Marsh now-2025 > 0 HA, Property > 200 Acres). Output of this
query displays information about large 200+ acre properties that have migration of irregularly flooded marsh over the next 15 years.
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Figure 18. Microsoft Access design view of “Query 4”. Image shows the three tables (SLAMM Interval Changes, Property View Data,
Inundation Risk Data from PCA) linked by OID (ID for property), and the property selected (highlighted in black). Output of this query
displays acres of each landcover today, in 2025, 2050, 2075 and 2100, information about the property and inundation risk based on PCA.
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Figure 19. Map showing properties selected by “Query 1” in the database.
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Figure 20. Map depicting flow accumulation in Dorchester County, MD (natural log scaled to 0-10) to be used in PCA.
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Figure 21. Map depicting distance to shoreline in Dorchester County, MD to be used in PCA.
Page 68

Figure 22. Map depicting wetland density/type in Dorchester County, MD (scaled to 0-10) to be used in PCA.
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Figure 23. Map depicting LIDAR elevation in Dorchester County, MD.
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Figure 24. Map depicting ditch/stream density in Dorchester County, MD (scaled to 0-10) to be used in PCA.
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Figure 25. A map displaying the first principle component from PCA. Component explained approximately 53% of variance in the five data layers.
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8.2 Appendix B: Geoprocessing Models

Model 1. Geoprocessing model to separate SLAMM data by wetland type in Dorchester County, MD for 5 years: Current cover (2011), 2025,
2050, 2075 and 2100. SLAMM data for each year acquired from the MD Department of Natural Resources were first formatted for raster calculator
functions using calculate statistics, and then reclassified so the wetland/non-wetland class had a value of “1”, with all others having a value of
“NoData”. Model was run 14 total times to process each landcover type.
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Model 2. Geoprocessing model to create tables showing predicted landcover according to SLAMM at the property level for 2011, 2025, 2050,
2075 and 2100. SUM zonal statistics were performed on each SLAMM raster grid created in Model 1, using MD Property View data as the
zones. This model was performed 14 times in order to process all landcover types, resulting in 70 tables.
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Model 3. Geoprocessing model to determine migration, persistence and loss of different wetland types in Dorchester County, MD over four
intervals: Current cover (2011) to 2025, 2025 to 2050, 2050 to 2075 and 2075 to 2100. SLAMM data for each year were first formatted for raster
calculator functions using calculate statistics, and then reclassified so one wetland/non-wetland type had a value of “1” or “3” depending on whether
it was the early or late year in the interval, while all others had a value of “0”. Using raster calculator, raster files were subtracted from each other to
show changes over the time intervals (e.g. FW Swamps for 2025 – FW Swamps for now). The resulting file was then reclassified to show only
migration, loss and persistence of the wetland type over the time interval. This model was run 14 total times in order to process each landcover type.
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Model 4. Geoprocessing model to create tables showing the amount of migration, persistence and loss for each landcover type in each time
interval at the property level. SUM zonal statistics were performed on each SLAMM raster grid created in Model 2, using MD Property View
data as the zones. This model was performed 14 times in order to process all landcover types, resulting in 56 tables.
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Model 5. Geoprocessing model used to process environmental variables and then run them through a principle component analysis to
discover overall inundation risk in Dorchester County, MD. Variables used in PCA analysis include flow accumulation, distance to shore,
wetland type/density, elevation and steam/ditch density.
Flow accumulation: LIDAR elevation data aquired from the NOAA Digital Coast Data Access Viewer was first resampled to create an
elevation raster with 30m cell size. Then, the elevation data were processed using the fill tool, and then run through flow direction and flow
accumulation to see the hydrology of the county. This flow accumulation raster was then masked to the study area and reformatted to a
natural log scale using raster calculator. Finally, the data were reformatted again to be on a scale of 0-10 to be used in principle component
analysis.
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Distance to shoreline: A shoreline line feature class was first digitized using state boundary data. This line feature class was then run
through the euclidean distance tool to create a raster showing distance to nearest coastline. This was then reformatted to a floating point
raster, and changed to a 0-10 scale using raster calculator.
Wetland Density: SLAMM data for current standing (2011) acquired from MD Department of Natural Resources was reclassified to show
only wetlands. Focal statistics was then used on this raster, using the mean wetland patch size as the focal window, to display density. This
density was then reformatted to be on a 0-10 scale using raster calculator to be used in PCA.
LIDAR Elevation: LIDAR elevation data acquired from the NOAA Digital Coast Data Access Viewer was first resampled to create an elevation
raster with 30m cell size. The data were then reclassified, assigning values from 0-10 based on elevation (0m=10, 0.1m = 9, 0.2m = 8, 0.3m =
7, 0.4m = 6, 0.5m = 5, 0.6m = 4, 0.7m = 3, 0.8m = 2, 0.9m = 1, 1m and above = 0).
Stream/Wetland Density: Stream and ditch data obtained from the US Geologic Survey National Hydrology Dataset were processed using
the line density tool to create a density raster surface. This raster was then resampled to be a 30m cell raster, and then reformatted to be on
a scale of 0-10 using “raster calculator” to be used in PCA analysis.
Principle Component Analysis: All five environmental datasets (now formatted as 30m raster surfaces on a 0-10 scale) were processed
using the principle components tool to create 5 principle components depicting statistical similarities in the data.
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