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INTRODUCTION  

  
Objective  
We assessed the coastal region of four South east states  on the South Atlantic seaboard 

and estimated the relative resilience or vulnerability of 1 ,232  sites  containing tidal 

marsh and other tidal habitats.  We identified the sites  most likely to continue to 

support biological diversity and ecological functions under rising sea level s up to 6.5 

feet due to their ability to migrate and adapt . The results are summarized in this report 

and available via the accompanying data  package , web site, and mapping tool .  

 

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

and to the human economies they support. The South Atlantic region of the US 

include s thousands of coastal wetlands . The varied shoreline is characteriz ed by salt 

marsh es, tidal flats, beaches , dunes , and a wide variety of river  deltas , sounds, inlets , 

and estuaries. M any coastal counties are experiencing significant population growth, 

and with revised estimates of sea level rise in the range of six  and a half  feet to almost 

nine feet by 2100  (Sweet et al. 2017) , it is likely that many of these wetland habitats 

and their ecosystem services will be lost.  

 

The character istics of some coastal wetlands make them more likely to adapt to sea 

level rise and remain di verse and productive even as they adjust to climate - induced 

changes. In this project, we comprehensively mapped these characteristics and 

estimated the relative resilience of coastal site s from North Carolina to the Florida 

Keys.   

 

Technical methods for m apping and estimating c oastal site resilience were developed 

in concert with a steering committee of coastal experts that included representatives 

from the U.S. Fish and Wildlife Service  (USFWS) , National Oceanic and Atmospheric 

Association  (NOAA) , and U.S. Geological Survey  (USGS), as well as agency and 

academic staff from all four states . The committee met bimonthly to discuss data, 

concepts  and methods , and to review results.  Our methods are described fully in this 

report.  
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In brief, w e divided the coast into 1 ,232  sites each centered around a natural complex 

of tidal habitats. For each site, we estimated the amount of migration space available 

under four sea- level rise scenarios . We quantified the physical properties and condition 

characteristics of  each  site using newly developed analyses as well as previously 

published and peer -reviewed datasets. Physical factors assessed included the size and 

tidal class  diversity of the migration space, the size of the existing tidal complex, and 

the amount of sh ared upland edge between the tidal complex and its migration space. 

Condition factors assessed included the percent of the existing marshƀs upland edge 

that is developed , estimated sediment balance of  the current marsh  relative to sea 

level rise , and measu res of water quality and flow alteration for the marshƀs migration 

space .  

 

W e also identified and mapped the buffer area surrounding the tidal complex  and its 

migration space . We evaluated the buffer area with respect to three physical 

attributes : size of the buffer, variety of coastally compatible  landforms , and acreage of 

maritime highlands . We also assessed the condition of the buffer area by calculating 

the percent natural cover and  connectivity of wetlands  within it . 

  

We synthesized the above attributes by estimating a resilience score for each site . To 

calculate a resilience score, we combined the physical and condition scores for each 

site in to a single value and did the same for each siteƀs buffer area. We then combined 

the site and buffer scores into a single integrated metric giving 90% of the we ight to 

the site score. This resulted in a single resilience score for each site based on all the 

characteristics we assessed.  

 

Given strong evidence in the literature for the importance of migration space  in 

sustaining the resilience of coastal systems , we applied size thresholds to ensure that 

each site had adequate  migration space. This ensured that  high -condition sites with 

little to no migration space did not receive inflated resilience scores.  

 

Resilience s cores were calculated for each of four  sea- level rise scenarios ( 1.5, 3.0, 4.0,  

and  6.5 feet). Our final maps are  based on the 6 .5- foot scenario because this scenario 

reveals the sites with the  greatest long -term potential for adaptiv e response , and this 

scenario is plausible by the end of the century. We made the results even more robust 

by slightly boosting the resilience score if  the size of a siteƀs migration space showed a 

statistically significant increas e from the 1.5 scenario t o the 6.5 scenario , suggesting 

that the size  will continue to increase after 6.5 feet.   

 

The scores are presented relative to other sites  within one of f our  coastal shoreline 

regions  (CSRs). Coastal shoreline regions are g eographic areas  where the coasts and 

estuaries are dominated by a common set of processes and geomorphology . In the 

South Atlantic these include a lagoon al type , two river -dominated types ( Coastal Plain 
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basin or Piedmont basin), and one island archipelago  type  (the Flori da Keys).  Scores 

are presented in standardized normalized values ( z-scores) , which are units of 

standard deviations (SD) above or below the mean score of all sites in the coastal 

shoreline region  (see Appendix II for more details) . For example, a z-score o f Ƃ3ƃ for a 

site in the lagoon al region indicates that the site score s three standard deviations 

higher than the average score across  all lagoon al sites .  

 

Study Area  
The study area included the entire South  Atlantic coastline from North Carolina to the 

Florida Keys , and encompassed the areas from the inter tidal region landward to the 

6.5- foot elevation zone. States included were : North Carolina , South Carolina , Georgia,  

and the Florida coast along the Atlantic Ocean.  

 

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

sea level rise  (SLR). The regionƀs coastline is well known for its productive estuaries 

that provide juvenile nursery and spawning groun ds for fish, mollusks, seabirds,  and 

crabs. The coastline is a cri tical 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 thousands of kilometers inland and seaward in cycles, and it is 

now once again retreating  as the sea level is rising at an unprecedented rate.  

 

The focal area of this study is the zone of intertidal habitats and low elevation 

landforms sculpted by waves and tides and by the continuous flow of 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 species uniquely adapted  to the intertidal zone . 

 

Coasts and estuaries are also of great importance to humans. Tremendous material 

and aesthetic resources associated with shorelines have attracted and sustained 

humans for thousands of years. Coastal ecosystems  help support the economy by 

providing beautif ul places to live, opportunities for tourism, commercial fishing, 

seafood processing , shipping  harbors, and transportation routes.  The malfunctioning of 

coastal eco systems due to sea level rise , pollution, habitat destruction, hypoxia, 

harmful algal blooms , fishery collapses, and /or  increased coastal erosion can have 

devastating social and financial impacts for coastal communities.  

 

Coastal counties in the US continue to experience greater population growth than 

inland counties, and this region had some of the fastest growing coastal areas in the 

nation . From 2010 to 2016, coastal Florida and South Carolina had the second and third 

greatest percent population growth of all coastal states, with  Georgia coming in at 

seventh  (U.S. Census Bureau , 2017 a) . These s tates are also  prone to devastating 

hurricanes and storms. Since 2000, this region has been struck by six hurricanes that 
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each caused $10 billion or more in damages  (U.S. Census Bureau , 2019 ) . M any coastal 

areas in this region are also experiencing increased Ƃsunny dayƃ or high tide flooding 

due to rising relative sea levels  (Sweet et al. 2018) .   

 

Approach  
In t his two -year project , we quantified the resilien ce of 1 ,232 coastal sites by compil ing  

and analyz ing  region -wide  data on factors that influen ce a siteƀs vulnerability or 

resilience to SLR and other climate -driven change s. Physical and condition attributes 

were assessed and integrated into a spatially -explicit dataset . Using these attributes, 

we evaluate d each siteƀs tidal habitats and estimated their ability to migrate landward 

in concert with rising seas  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 and 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 co ast s.  

 

Steering Committee  
We convened a steering committee of 35 coastal experts representing state and 

federal agencies, conservation organizations, regional coalitions, and academic 

institutions within the study region . Committee members joined bimonthly web -

meetings to discuss approaches, methods, and datasets, and to review interim 

products and  results. The full list of steering committee members appears in the 

Acknowledgments .
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BACKGROUND 
 
 

 
As sea levels rise  and intense storms become more frequent, the impact s are being felt 

by coastal communities and there is an urgent and growing interest in building 

community and ecological resilience. Cities and towns are being forced to reconsider 

how and where to invest in their coastal resources . These decisions affect millions of 

people  because SLR can alter coastal -based economies , disrupt livelihoods , or 

overwhelm  exi sting infrastructure . Since 2007, TNC has led the development of an 

online decision support tool, ƂCoastal Resilienceƃ (http://coastalresilience.org / ), to 

help communities address the effects of climate change and natural disasters. The aim 

of the web site is to help coastal communities increase their resilience to climate 

change by identifying nature -based or green infrastructure solutions that will enable 

them  to effectively protect, restore, and sustainably manage their natural resources 

while also strengthening local capacity for climate adaptation.  

 

The challenge of identifying the places where conservation is likely to succeed in 

sustaining dive rse 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. Although 

coastalresilience.org  is foc used on facilitating decisions about human communities and 

green infrastructure, it is predicated on the need for diverse and productive coastal 

habitats . The question of h ow we sustain diverse and productive habitats while 

facilitating their inevitable m igration  and adaptation , is the topic of this study .   

 

The future of coastal ecosystems in th e South Atlantic region is uncertain and has 

given rise to many studies both in and outside this region . We  compile d 45 studies 

and /or tools, and  review ed their methods and results  to ensure that we were using the 

most recent information and not repeating studies that had already be en completed. 

The studies included 13 national studies , six in the South Atlantic, ten  in the Gulf of 

Mexico , and 17 state -based studies ( Appendix I).  

CHAPTER  

2 
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NOAA has sponsored a website, Digital Coast ( https://coast.noaa.gov/digitalcoast/ )  

that is focused on helping communities across the US 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 

flooding  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 latest marsh migration data in NOAAƀs Sea Level Rise 

Viewer tool (Marcy et al. 2011)  as the basis of our migration space models.  

 

Our approach to mapping site 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  will 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 h as been called Ƃconserving natureƀs stage,ƃ and is supported by 

current and historical evidence (Lawler et al. 2015 ; Beier et al. 2015 ; Gill et al. 20 15; 

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

parent material that underlie a site  and its surrounding lands can determine whether 

the site has space and options for adaptation.  

 

We use the term Ƃsite resilienceƃ to distinguish this approach from Ƃecosystem 

resilienceƃ as the latter implies that an ecosystem is rebounding 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 response to climate change. A resili ent site is characterized as an 

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

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

topographic and elevation diversity that provide a range of habitat types and 

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 climate change.  

 

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

sites (Anderson et al. 2014) by evaluating a siteƀs landscape diversity (microclimates 

created by a siteƀs topography, elevation gradients, and wetlands) and local 

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 a range of geophysical sites 

within large geographic regions (e.g., E astern US, Great Plains, Great Lakes) to identify 

resilient sites across the US ( http://maps.tnc.org/resilientland/ ). We excluded the 

coastal region of these geographies so we could undertake a separate assessment that 

considered sea level rise and focused on the potential for coastal marsh migration. The 

https://coast.noaa.gov/digitalcoast/
http://maps.tnc.org/resilientland/
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terrestrial study has been used successfully to inform conservat ion decisions and we 

hope that this counterpart study addressing the coastal region will be equally useful.    

 

Our approach has similarities to other models that estimate the vulnerability of coastal 

regions to SLR, erosion , and inundation . In particular,  the USGS Coastal Vu lnerabilities 

Index (Thieler &  Hammar -Klose , 1999), InVEST Coastal Vulnerability Model (Sharp et 

al. 2016), and the National Estuarine Research Reserve multi -metric approach (Raposa 

et al. 2016) . Ecosystem vulnerability, in these studie s is defined in the terminology of 

the Intergovernmental Panel on Climate Change (IPCC)  as a combination of sensitivity 

and exposure. A primary difference between th ese vulnerability studies and this study 

is that other than SLR , we do not use factors that  are  dependent on climate ( e.g. 

exposure, surge potential , community composition) . Instead, we assume all sites have 

high exposure , high surge potential , and a changing composition, and we then identify 

the site s with  characteristics that allow them to per sist and support diversity even 

under the extreme scenarios. B y running multiple SLR scenarios and scaling our results 

to th e extreme 6 .5-foot SLR scenario , we can identify the sites with more options for 

adaptation. In our model , a site is not considered more vulnerable if it has more 

exposure to risk , rather it is considered more vulnerable if it has no options for adapting  

to, or accommodating, risk . 
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DEFINING & MAPPING 
COASTAL SITES 
 

  
A coas tal site was  defined as an area of 

land regularly flooded by saline tidal waters 

and that contain ed tidal and estuarine 

habitats. Our site definition encompassed 

the landforms, soils, and tidal inundation 

zones  that define the boundary and 

regulate local processes. The se physical 

features set the stage for a mix of biotic 

and abiotic habitats such as salt marsh and 

tidal flat s that may move or expand with 

changes in climate . We mapped each site 

individually , and our analysis centered on measur ing the characteristics and processes 

that influence its  ability to accommodate sea level rise (SLR ) by migrat ing  inland and 

adapt ing  to new conditions.  To evaluate this,  we divided each site into three 

components: the tidal complex, its migration space, and surrounding buffer area. 

Below we discuss the method s we used to map each component .  
 

Tidal Complex  
We used the term Ƃtidal complexƃ to refer to a set of interconnected tidal and estuarine 

habitats that were spatially grouped into a contiguous area. The habitats included:  

 

Tidal marsh:  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, producing up to 20 tons of biomass per acre and providing shoreline 

stabilization, nutrient cycling and critical wildlife habitat for many species of plants, 

inverte brates, mammals and birds. Salt marshes also provide breeding, refuge, 

nursery, and forage habitats for marine fauna.

CHAPTER  
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Brackish marsh: Brackish marshes are transitional between freshwater and salt 

marsh, and form along the upland 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.   

 

Tidal flat: Non -vegetated sand and mud flats are the central habitat for blu e 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 shorebird species depend on them for  grazing and 

foraging. Tidal flats have historically been undervalued by coastal managers and are 

poorly mapped for this region.   

 

Mapping Tidal Complexes  
To identify and map tidal complexes, we used NOAAƀs 2010 C -CAP 30-m land  cover 

data  (NOAA , 2017 ),  which was also  used in NOAAƀs Sea Level Rise Viewer (Marcy et al. 

2011) . We augmented the C -CAP land cover dataset by adding TIGER roads (major, 

minor, and residential) and TIGER railroads (US Census Bureau , 2017 b) to ensure 

continuous road and railroad ne tworks were included . W e selected all pixels coded as 

unconsolidated shore or one of three estuarine wetland types : forested , scrub/shrub , 

or emergent  (Figure 3.1) .  

 

W e experimented with several different ways t o aggregate cells into discrete  units  

based on adjacencies and distances . No single approach worked perfectly as some  

distances resulted in  units that seemed too big while others seemed too  small , and the 

literat ure is sparse on distance thresholds for what constitutes a n ecologically 

functioning  tidal wetland complex. Based on previous studies  (Faber -Langendoen et al. 

2012 ; Mi tchell et al. 2013 ; King County , WA,  2017) , and on input from the steering 

committee, we  chose 150 meters as the maximum distance between cells . We  grouped 

pixels  of estuarine habitat or  unconsolidated shore that were less than or equal to 150  

meters apart . This had the effect of aggregating  adjacent cells of various tidal habitats 

into a single unit  that we called a Ƃtidal complexƃ (Figure 3.1).  The units were then 

converted to discrete po lygons , assigned u nique IDs , and the acreage and perimeter of 

each tidal complex polygon was calculated.  
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Figure 3.1. Tidal complexes. The map s hows the augmented NOAA 2010 C-CAP map 

of Nassau Sound, FL on the left, and the mapped tidal complex on the right. The tidal 

complex is in dark blue. Migration space (defined below) is in orange.   

 

 

The mapping method resulted in thousands of 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 tidal complex units that had at 

least two acres of estuarine  wetland (salt marsh ). Initially, w e had included tidal 

comp lexes composed solely of unconsolidated substrate (i.e., beach and tidal flats). 




































































































































































































































































