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CHAPTER

INTRODUCTION 1

Objective

We assessed the coastal region of  nine Northeast states, estimated the relative
resilience or vulnerability of  over 10,000 coastal sites, and identified the ones most
likely to support biological diversity and ecological functions under multiple scenarios

of sea level rise. The results ar e summarized in this report and available via the
accompanying data, web site, and map setrvice.

Abstract

Coastal wetlands are critical to the productivity and diversity of marine ecosystems

and to the human economies they support. The Northeast and Mid -Atlantic regions of
the US include thousands of coastal wetlands, with the shoreline characteriz ed by salt
marsh es, tidal flats, beaches and dunes, and a wide variety of river deltas , sounds,
inlets , and estuaries. Yet many coastal counties are experiencing significant population
growth, and with estimates of sea level rise projected up to six feet by the next century,

it is likely that many wetland habitats and their ecosystem services will be lost. The

character istics of some coastal wetlands ~ make them mor e likely to be resilient and
remain diverse and productive even as they adjust to climate -induced changes. In this
project, we mapped these characteristics and estimated the relative resilience or
vulnerability of 10,736 coastal site s from Maine to Virgini  a.

Technical methods for mapping  and estimating ¢ oastal resilience were developed in
concert with a steering committee of 35 coastal experts that included members of the

U.S. Fish and Wildlife Service (USFWS), representatives from the National Oceanic a nd
Atmospheric Association (NOAA) and other federal, state and NGO staff from both
Northeastern and Southeastern states. W e divided the coast into 10,736 individual

sites centered around each tidal marsh or complex of tidal habitats over two acres . For
each site, we estimated the amount of migration space available under six sea -level

rise scenarios and we identified the amount of buffer area surrounding the tidal

complex. We then examined the physical properties and condition characteristics of

the site us ing newly developed analyses as well as previously published and peer -
reviewed datasets. For tidal complexes, the physical factors assessed included the size
and tidal zone diversity of the migration space, the size and shoreline intricacy of the
existing tidal complex, and the amount of shared edge between the tidal complex and
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its migration space. Condition factors included the amount of hardened shoreline, as

well as the magnitude of nitrogen inputs, and the quantity of sediment and freshwater

inputs. For t he buffer area , we assessed its size and variety of compatible landforms

and soils, the connectedness of its wetlands , and the amount of natural cover. A score
was calculated for each site based 80% on the tidal complex and 20% on the buffer,

with equa | weight given to physical and condition characteristics. Scores were

calculated for each of six sea -level rise scenarios (1 to 6 ft.). Our final maps were based
on the 6 -foot scenario because this scenario reveals the sites with the greatestlong -
term pot ential for adaptive response. We made the 6 -foot results even more robust by
slightly boosting or penalizing the score based on whether the size of the migration
space showed a significant increasing or decreasing trend over the 3-6 foot scenarios .

The scores are presented relative to other complexes within one of five coastal

shoreline regions. Coastal shoreline regions are g eographic areas where the coasts and
estuaries are dominated by a common set of processes and geomorphology (e.g.,

drowned river va lleys, lagoons , embayments ). The scores are presented in
standardized normalized values (z  -scores) , which are units of standard deviations

above or below the mean score of all sites in the coastal shoreline region. For example,

a z-score of 3 SD for a site in the lagoon shoreline region  indicates that the site score is
three standard deviations higher than the average score for all lagoon sites .

Study Area

The study area included the entire Northeast Atlantic coastline from Maine to Virginia,
and specific ally the coastal zone from the inter  tidal region landward to the 6  -foot
elevation zone. States included were : CT, DE, ME, MA, MD, NH, NY, RI, and VA.

The r e g i caadilise is well known for its hundreds of productive estuaries that

provide juvenile nurse ry and spawning groun ds for fish, mollusks, seabirds,  and crabs.
The coastline is a critical ecological transition area, and although it forms a sharp
natural boundary, it is very dynamic over geologic time. Over millennia, it has

advanced and retreated th  ousands of kilometers inland and seaward in cycles, and it is
now once again retreating as the sea level is rising at an unprecedented rate.

This study focuses on the ecological resilience of coasts and estuaries in this region to

sea level rise (SLR). The focal area of this study is the zone of intertidal habitats and

low elevation landforms  thatis sculpted by waves and tides and by the continuous flow

of new sediments carried by freshwater in coastal watersheds. Th is shallow, well -lit,
and productive area give s rise to salt marshes, tidal flats, oyster reefs, and seagrass es
that directly and indirectly support an abundance of uniquely adapted species.

Coasts and estuaries are also of great importance to humans. Tremendous material
and aesthetic resourc es associated with shorelines have attracted and sustained
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humans for thousands of years. Coastal ecosystems help support the economy and
sustain us by providing places to live, opportunities for tourism, shipping and

transportation routes, commercial fish ing, and seafood processing. The malfunctioning
of these systems either due to sea level rise or from pollution, habitat destruction,
hypoxia, harmful algal blooms, fishery collapses, and increased coastal erosion can

have devastating social and financial impacts for coastal communities.

Approach

This two -year project aimed to  estimate and map the ecological resilience of 10,736
coastal sites. To estimate resilien ce, we compile d and analyze d region -wide data on
factors that influenceas i t eviinerability or resilience to SLR and other climate -driven
change s. Physical and condition attributes w  ere assessed and integrated into a

spatially -explicit dataset . Using these attributes, we evaluated each si tebs
and estimated their ability to migrate landward with SLR based on the size, shape,
condition and context  of the ir available migration space . The relative resilience of each
site was determined by comparing it to other sites within the same coastal shoreline
region . We hope the resulting maps a nd web tools will provide local communities,

policy makers, resource  managers, and conservationists  with clear and objective
information for understand ing the vulnerab le and resilien t areas of their coast s.

Steering Committee

We convened a steering commi  ttee of 35 coastal experts from state and federal
agencies, conservation organizations, regional coalitions, and subject matter experts
representing each of the states covered by this study. The role of committee
participants was to join in bi  -monthly disc ussions focusing on the review of
approaches, methods, datasets, interim products, and results. Engaged participation of
the steering committee was essential to ensure that the final products were rigorous
and accurate, and that they will be useful to the stakeholders. The list of steering
committee members  appears in the acknowledgment  s.

2 - Background 3 | Page

t

dal



Resilient Coastal Sites

CHAPTER

BACKGROUND 2

As sea levels rise, intense storms become more frequent, and other impacts of climate
change are felt by coastal communities, there is an urgent and growing interest in
understanding coastal resilience. Cities and towns are being forced to reconsider how
and where to invest their coastal resources, and these decisions affect millions of

people, important infrastructure, and coastal -based economies and liveli hoods. Since
2007, TNC has |l ed the development of an online de
Resi | i atip:dcedstalrésilience.org/ ), to help address the devastating effects of

climate change and natural dis  asters. The aim of the tool and the approach is to help
coastal communities increase their resilience to climate change by identifying nature -
based or green infrastructure solutions that will enable communities to effectively

protect, restore, and sustaina  bly manage their natural resources while also

strengthening local capacity for climate adaptation.

The challenge of identifying the places where nature and people could succeed in

sustaining diverse and productive ecosystems is the topic of this study. The tools and
products arising from this study can be used in conjunction with the Coastal Resilience

tool or independently, depending on the needs of the user. While the former is focused

on facilitating decisions about green infrastructure, it is predicat ed on the need for
diverse and productive coastal habitats which is addressed in depth here.

Identifying resilient coastal sites where salt marshes can migrate landward and the

ecological conditions favor stable and productive habitats has given rise to numerous

studies, and several excellent ones are underway, or have been c ompleted, in the study

region. In Maine, the Natural Areas Program led a state -wi de bcoast al resilien
assessment that included an evaluation of current tidal marshes, potential ti dal marsh

migration areas, and adjace nt undeveloped blocks of land.  In Massachusetts, the

UMASS/USFWS project to design sustainable landscapes coupled a landscape change

model with a sea level rise model, and developed an approach for integrating the

resul ts of the landscape change assessment into decision support for landscape

design. In New Jersey, the Resilient Coastlines Initiative developed tools to support the

identification, implementation, and monitoring of nature -based solutions to coastal

risks,and a key outcome was a bfuture habitathb applic
how salt marshes will be affected by sea level rise. Users can enter scenarios of 1, 2, or

3 feet of sea level rise and see whether the marshes will likely migrate inland or
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suc cumb to inundation. In Virginia, TNC worked with leading coastal scientists and
community partners to explore and document the resilience inherent in natural
systems of the Eastern Shore (Warren Pinnacle Consulting Inc. 2015). The approach
and methods deve loped in these studies had a large influence on our own approach
and methods, and many of the authors served on our steering committee. Although
these very recent projects have not yet been published in the peer reviewed literature,
many have excellent web  sites and mapping tools where users can explore the results
or download the data

Maine: http://www.maine.gov/dacf/mnap/assistance/coastal_resiliency.html
Massachusetts: http://www.umass.edu/landeco/research/dsl/dsl.html

New Jersey: http://maps.coastalresilience.org/newjersey/

Virginia: http://maps.coastalresilience.org/virginia/

At the scale of the whole Eastern Seaboard, NOAA has sponsored a website, Digital

Coast ( https://coast.noaa.g _ov/digitalcoast/ ) that is focused on helping communities

address coastal issues, and it has become one of the most -used resources in the

coastal management community. The web mapping tool allows users to visualize

community -level impacts from coastal floo  ding or sea level rise and maintains data

related to water depth, connectivity, flood frequency, socio -economic vulnerability,

wetland loss and migration, and mapping confidence. We adapted the underlying

mar sh migration data i n NOAMac etdle28ll)lagthedbbsisRi se Vi e
of our migration space models.

Our approach to mapping resilience focuses on the characteristics of the underlying

geophysical stage rather than on the dynamics of the biotic systems. We assume that

the biotic systems w ill change in concert with the changing climate, but that sites with

certain enduring physical characteristics will have a larger capacity to support

diversity, productivity, and ecological function into the future (Anderson et al. 2014).

This approach, wh i ch has been call edcbsbagerfbing sappoet e
current and historical evidence (Lawler et al. 2015, Beier et al. 2015, Gill et al. 20 15,

Anderson and Ferree 2010). In the case of coastal sites, the elevation, landforms, and

parent materia | that underlie a site, as well as the tidal heights and shoreline

complexity can determine whether the site has space and options for adaptation.

We use the term Bsite resilienceb to distinguish
resili enceb apiesthét anetoaysteameasrebountding back to a previous

state. Site resilience, in contrast, refers to the capacity of a physical site to maintain

species diversity and ecological function even as the composition and proportion of

habitats change in respo nse to climate change. A resilient site is characterized as an

area with sufficient options to sustain species and ecosystems in the face of stress and

uncertainty. Such options, or characteristics that foster resilience, may include

topographic and elevat ion diversity that provides a range of habitat types and
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microclimates, and space for adaptive movements with minimal barriers that restrict
the movement of species or ecosystems. A site without such options would be
considered vulnerable in the face of cI|  imate change.

Prior to this study, we developed a method for estimating the resilience of terrestrial

sites (Anderson et al. 2014) by evaluating a site
created by a sitebs topography, eahddocahti on gradi en
connectedness (the degree to which the land cover is conducive to the movement of

organisms and the flow of ecological processes). We mapped areas with higher

microclimate diversity and local connectedness across 61 different geophysical sites t o]

identify resilient sites throughout the entire Eastern US region except for the coastal

shoreline region (http://maps.tnc.org/resilientland/). The terrestrial study has been

used successfully to inform conservation decisions and we hope that this counter part
study addressing the coastal shoreline will be equally useful.

Our approach has similarities to the USGS Coastal Vulnerabilities Index (Thieler and
Hammar -Klose 1999), Natural Capital Coastal Vulnerability Model (Sharpe et al. 2016),

the National Estuarine Research Reserve multi -metric approach (Raposa et al. 2016),
and other models that estimate the vulnerability of coastal regions to long -term sea
level rise, erosion and inundation.  In the terminology of the Intergovernmental Panel on
Climate Cha nge (IPCC), ecosystem vulnerability is a combination of sensitivity and
exposure. The primary difference between this study and the vulnerability studies is

that we do not estimate exposure, surge potential, or buffering by natural habitats,

because the am ount and condition of those factors are dependent on cl imate and not
stable over time. Instead, we simply assume high exposure by running multiple SLR
scenarios and scaling our results to th e extreme 6 -foot SLR scenario. This allows us to
focus solely ont he sensitivity of the sites and identify the sites with more options for
adaptation under an uncertain future. Thus, in our model a site is not considered more
vulnerable if it has more exposure to risk, rather it is considered more vulnerable only if

it h as no options for adapting to, or accommodating, risk.
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CHAPTER

3
DEFINING AND MAPPING

COASTAL SITES

We defined a coastal site as an area of land
that is regularly flooded by saline waters

and contains tidal and estuarine habitats.
Our focus was on the physical features -
the landforms, soils, and tidal inundation
zones - that define the site and regulate
local processes. These features set the
stage for a mix of biotic and abiotic

habitats such as salt marsh and tidal flat s
that are constantly in flux.  We mapped

each tidal complex as ; e %
and our analysis centered on the characteristics and processes that mfluence each
sitebs ability to accommodate sea | evel rise (SLR

and conditions that would allow the tidal complex to migrate inland and adapt to new
conditions. Below we discuss the approaches we used to map the tidal complex, its
buffer area, and its migration space.

Tidal Complex

We used the term btidal c o mp | oanedtedttidal andectimnine t o a s e
habitats that were spatially grouped into a contiguous area. The habitats included:

Intertidal wetlands of low energy environments that form expansive
meadows or narrow shoreline fringes dominated by Spartina patens or S. alterniflora
(i.e., salt marsh). Tidal marshes are one of the most productive ecosystems in the
world, providing shoreline stabilization, nutrient cycling and critical wildlife habitat for
many species of plants, invertebrates, mammals and birds, inc luding the rare New
England endemic Saltmarsh Sparrow. Salt marshes also provide breeding, refuge,
nursery, and forage habitats for marine fauna.
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Brackish marshes are transitional between freshwater and salt
marsh, and form along the upla nd edge of salt marshes where freshwater runoff or
groundwater dilutes the salinity of the marsh surface. Dominated by bulrushes and
sedges, the species vary depending on local hydrology and salinity levels.

Non -vegetated sand and mud flats  are the central habitat for blue mussel,
eastern oyster, hard clam, soft shell clam, horseshoe crab, marine annelids and many
other invertebrates. At high tide, they are productive foraging grounds for fish, eels,
crabs, and snails. At low tide, many shor  ebird species depend on them for grazing and
foraging. Tidal flats have historically been undervalued by coastal managers and are
poorly mapped for this region.

Beaches are highly dynamic systems that form where sand
is deposited a s waves lose energy near the mainland. They can form extensive barrier
islands or small pocket beaches and are constantly shaped and reshaped by winds,
storms, and ocean currents.  Sandy beaches are breeding grounds for rare species such
as piping plover, least tern, Arctic tern, roseate tern, and several species of sea turtles.
Beaches also provide habitat for a wide variety of invertebrates and are critical roost
sites for migrant shorebirds.

Seagrasses are rooted vascular plants found in shallow coastal waters
with soft substrate. Eelgrass (  Zostera marina ) and Widgeon grass ( Ruppia maritima )
are the dominant species in the Northeast and Mid - Atlantic regions. Eelgrasses form
extensive beds that serve as shelter and nursery grounds for hund reds of species,
including juvenile and adult fishes, shellfish, and other invertebrates.

Mapping Tidal Complexes

To identify and map tidal complexes, we used the 2010 C -CAP 30-m land cover data
(NOAA 2010) which had been i nemnSeplevwiRiseMiewdrnt o NOAA
(Marcy et al. 2011) for the project area (Figure 3.1). First, w e selected all pixels coded
as estuarine forested wetland, estuarine scrub/shrub wetland, estuarine emergent

wetland, and unconsolidated shoreline from the land cover dataset . Then, t o create
individual polygons, the selected pixels were expanded by one 30 -m pixel and region -
grouped into clusters using a four -neighbor rule (connectivity between pixels was
defined as pixels immediately to the left, right, above, or below each o f the four nearest
neighbors). This had the effect of grouping closely adjacent cells of the various tidal

habitats into a single unit. The units were then converted to discrete polygons using

the unique region IDs, and the acreage and perimeter of each ti dal complex polygon
was calculated.
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The mapping method resulted in 51,930 polygons of which most were  single pixel sites .
To reduce noise in the dataset and focus on sites that were  likely to be ecologically
meaningful , we identified a subset of the tida | complex units that had at least two acres

of estuarine emergent wetland (salt marsh) . This decision reduced the number of
polygons to 10,736 that became the set of sites assessed in this study.

We initially had included tidal complexes composed solely of unconsolidated substrate
(i.e., beach and tidal flats). However, after review internally and by steering committee
members, we excluded these sites as they were often erroneously and inconsistently
mapped across the region (Figure 3.2). We tried differ ent approaches to identify real
complexes, but were unable to develop a successful technique due to variations in tide

levels when the underlying imagery was taken.

To provide more information about each tidal complex, we intersected the 10,736 tidal
complex polygons with National Wetland Invento ry (NWI) data (USFWS 2012 ) and
assigned the dominant NWI wetland type code to each polygon (e.g., E2US3N =

estuarine intertidal, unconsolidated mud shore). We also calculated the number of

different NWI wetland t  ypes captured by each tidal complex unit (mean = 3.4 types).
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Figure 3.1 . Tidal complexes. The map shows the original 2010 C  -CAP map of

Tuckahoe, New Jersey on the left, and the mapped tidal complex on the right. The
migration space and buffer area are explained below.
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Figure 3.2 . Unconsolidated shore complexes. These four examples illustrate the
problems with including complexes comprised solely of unconsolidated shore. In

panels A and B, the unconsolidated shore complex is actuall y part of an industrial site.
In B and C, the unconsolidated substrate is not visible in satellite i magery, likely due to
when the i magery was captured.
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