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The Delaware Estuary is one of the largest estuaries in the 
United States and is unique because of its rich history, in-
dustrial importance, socioeconomic diversity, and environ-
mental character. The Delaware River Basin includes parts 

of five states, four ecoregions, and is home to hundreds of different plant 
communities and fish and wildlife species. About nine million people also 
live in the basin, mostly concentrated in the lower estuary region. 

A principal feature of the system is the Delaware River, which is 
the longest undammed river in the eastern United States and flows 
into one of the largest freshwater tidal estuaries in the world. Camden, 
Philadelphia, Trenton, and Wilmington are located in this freshwater 
tidal region of the system. The estuary supports the world’s largest 
freshwater port (approximately 3,000 large vessels per year) and is the 
largest receiving center for crude oil, steel, paper, and meat products 
in the East. One of the most notable features of the entire basin is 
the 405,000 acres of wetlands in the estuary watersheds. Wetlands 
comprise a greater portion of basin area (10.8%) than the national av-
erage (5.5%), mainly because of the near contiguous fringe of coastal 
marshes that surround the tidal estuary (PDE 2012) (Figure 1). 

nature of the Problem

Tidal wetlands are the most productive habitat in the system, and 
they perform many vital services. They are critical to: protect inland 
areas from tidal and storm damage; provide water storage to protect 
against flooding; provide important habitat to a wide variety of wild-
life, including waterfowl; serve as a filter to remove contaminants and 
help sustain water quality; provide spawning and nursery habitat for 
commercial fisheries; support active and passive recreation; and pro-
vide aesthetic value. Unfortunately, both forests and coastal wetlands 
continue to be degraded and lost in the Delaware Estuary at an alarm-
ing rate (PDE 2012), and these losses are expected to increase with 
climate change and sea-level rise (SLR) (Kreeger et al. 2010).

As tidal heights and the estuary’s volume increase in response to 
SLR and system alterations, the extent of tidal inundation along coastal 
areas will also increase, leading to successional shifts in habitat types as 
tidal wetlands encroach into nontidal wetlands and forests. However, 
this natural migration (also called “transgression”) is impeded in many 
areas by development, or attempts to manage fixed coastlines in place, 
while erosion appears to be increasing along seaward margins of tidal 
wetlands. Taken together, the seaward loss and restricted landward gain 
leads to a net loss of coastal wetland acreage. The Partnership for the 
Delaware Estuary (PDE) recently calculated that more than 2% of tidal 
emergent wetlands were lost in the Delaware Estuary between 1996 
and 2006 (PDE 2012), and models project a minimum of 25% net 
loss this century (PDE 2010) (Figure 2). Therefore, proactive restora-
tion and management tactics that either facilitate horizontal, landward 
migration or vertical accretion of tidal wetlands are expected to become 
increasingly important to sustain these critical coastal habitats, which 
are among the most productive in the world.

Possible strategy to Combat erosion

One potential strategy to help increase the vertical accretion of sedi-
ment on shorelines so that wetlands can keep pace with SLR is to use 
living shorelines to build elevation and stabilize eroding shorelines. 
Traditionally, erosion has been controlled using hard structures like 
bulkheads and seawalls that abruptly sever the ecological connection 
between the coast and water, and which do not build themselves up 
vertically. Living shorelines are touted as an alternative stabilization 
technique that uses natural materials to protect shorelines from erosion 
while providing critical habitat for wildlife (Smith 2006). A variety of 
natural structures may be used in living shorelines, including shellfish 
reefs and native vegetation. Such communities are often capable of 
binding inert materials together with natural cement or fibers, thereby 
helping to attenuate wave action, slowing erosion, and providing a 
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temporal buffer for marshes to accumulate in place (vertical accre-
tion) or move inland (horizontal relocation). Other natural materials 
can include the use of shrubs and trees, low-profile sills, strategically 
placed organic material, or a variety of other materials that recreate the 
natural functions of a shoreline ecosystem. In some cases, breakwater 
projects can be constructed to enhance fish and shellfish communi-
ties by arranging rock breakwaters in segments interspersed with sills, 
thereby providing habitat complexity while also creating low-energy, 
protected shorelines for passive sediment trapping and marsh expan-
sion. Some biological communities also act as levee builders, increas-
ing their elevation profile over time, whereas hardened structures can-
not elevate themselves to keep pace with SLR.

As with any type of habitat alteration project, the trade offs of liv-
ing shorelines should be weighed carefully relative to project goals and 
the primary ecosystem goods and services being sought. In some cases, 
the protection of coastal communities and essential infrastructure will 
necessarily take precedence over ecological goals, such as fish and wild-
life enhancement or water quality maintenance. However, most types 
of shoreline stabilization projects can be designed in environmentally 
beneficial ways consistent with living shoreline concepts.

Restoring shorelines with “living shorelines” is not necessarily a 
new concept. For example, in the early 1970s, Environmental Concern 
(EC) constructed a salt marsh channel ward of an eroding shoreline at 

a low-energy cove in Talbot County, Maryland. The marsh thrived, and 
shoreline erosion was reversed. Over the next two decades, scientists 
and engineers at EC refined and expanded the initial design, creating 
sustainable salt marshes in highly erosive environments. 

Living shorelines are increasingly becoming a more internation-
ally accepted approach for dealing with shoreline erosion in place of 
hardened, man-made structural shoreline stabilization tactics, such as 
sea walls and bulkheads. Many states and organizations are now work-
ing on developing new living shoreline initiatives. A brief history with 
some of these initiatives is found in Table 1 (Environmental Concern, 
Inc.). Pilkey et al. 2012 conducted a survey of “living shorelines” on 
the Gulf and East Coasts and found that many of the projects utilized 
hard structures with no significant natural components, defeating the 
original intent of a living shoreline restoration project. Therefore, sci-
entists and practitioners need to make sure that the design of a living 
shoreline meets the goal of improving habitat, while also protecting 
against erosion. It is important to acknowledge that a living shoreline 
is not meant to simply replicate a natural shoreline, since any engi-
neered or designed structure to control erosion is likely to alter natural 
functional processes. Rather, the living shoreline approach seeks to 
maximize ecological benefits while still providing the needed erosion 
control, in comparison to traditional hard tactics that typically de-
grade ecological conditions significantly.

Figure 1: Contiguous fringe of tidal marsh surrounding the Delaware Estuary. Figure 2: Net change in estuarine emergent wetland acreage in 
watersheds of the Delaware Estuary, 1996-2006.
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Often, the primary remedy for eroding shorelines is a stone 
revetment. This solution can provide long-term shoreline pro-
tection, but provides little, if any, habitat benefits or connec-
tions between the upland and the water bodies. By restoring 
hydrological connectivity and using softer, natural materials 
(often arrangements of biological communities themselves), 
living shorelines can be both more cost-effective and environ-
mentally friendly than bulkheads and seawalls. However, since 
many of these tactics are new and have not been piloted and 
monitored for very long, we still do not know whether they are 
as resilient as traditional measures over the long term. It is pos-
sible that some living shorelines could need periodic augmenta-
tion to continue to provide erosion control. Furthermore, the 
viability of soft materials used in a living shoreline depends 
on local conditions, especially the amount of wave energy and 
type of underlying substrate. Since every site has distinct lo-
cal conditions, use of a one-size-fits-all approach can lead to 
failure. Ultimately, goals for the “living” component of a shore-
line stabilization project must be tailored to these local condi-
tions and tempered by the erosion-control needs and amount 
of acceptable risk that can be tolerated. Coastal managers must 
weigh various goals and tactics to balance the need to maintain 
protection, while also providing for viable habitat and the con-
tinuation of natural land-water exchange and processes (Smith 
2006). If exchange is not facilitated, the areas landward of the 
sill may become “dead” zones or traps for aquatic species that 
cannot exit as the tide ebbs.

In summary, living shorelines may not always provide the 
same level of erosion protection as other, more structural practices. 
However, living shoreline techniques should provide for mobility 
of shoreline and near-shore sediments, which may cause seasonal 
changes to shoreline configuration. They can also be designed to 
help trap sediments and keep pace with SLR. As a result, there may 
be more of a marsh area or beach in one time of the year than anoth-
er, and the long-term sustainability can be increased in comparison 
to hard structures or a do-nothing approach. Both natural shorelines 
and living shorelines are dynamic by nature, and appropriate appli-
cations of living shoreline tactics should accept change as part of the 
natural system, not against it.

Planning for liVing shorelines in the delaWare estuary

The PDE has had significant success with developing a new form 
of living shoreline to stem erosion on the Maurice River in New 
Jersey. Our approach is just one of dozens of approaches that are 
gaining notice, and our findings show that it works best under 
a specific set of conditions. This pilot research and development 
project has generated a great deal of interest and information con-
cerning many factors that determine success in living shoreline 
applications. After completing this pilot project and also complet-
ing a Climate Change Adaptation Study, the PDE has begun to 
expand the living shoreline initiative by locating suitable areas 
throughout the estuary that could benefit from natural shoreline 
erosion-control projects, using either this new tactic or approaches 
developed by others. 

Table 1: Summary of U.S. Living Shorelines History

Date Living Shoreline History

1980s “Living shorelines” term coined in Maryland
2003 North Carolina passes Living Shoreline Law (H.B. 1028)
Early 2000s Delaware puts “no bulkhead” policy in place
2005 Dauphin Island, Alabama—Living shorelines used to mitigate storm events
2006 National Academies undertakes Sheltered Coasts study
2006 Chesapeake Living Shoreline Summit held
2007-08 Florida state government begins Living Shoreline Initiative
2008 Maryland passes Living Shoreline Protection Act
2008 The Chesapeake Bay Trust (CBT) and the National Oceanic and Atmospheric Administration (NOAA) begin to  

quantify ecological impacts of living shorelines
2008 PDE and Rutgers University launch the Delaware Estuary Living Shoreline Initiative
2008 Georgia Department of Natural Resources and The Nature Conservancy begin oyster reef living shorelines projects
2009 The Cooperative Institute for Coastal and Estuarine Environmental Technology funds North Carolina work on  

engineered shorelines
2010 NOAA funds Smithsonian work on shoreline value
2010 CBT and NOAA fund Virginia Institute on Marine Science to evaluate engineering value
2010 President Barack Obama’s Chesapeake Bay Executive Order includes living shorelines goal
2010 Rhode Island begins living shoreline effort
2011 New Jersey considers ways to ease living shoreline permit restrictions
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In our climate adaptation planning, six potential tactics were 
suggested to combat SLR, including the Delaware Estuary Living 
Shoreline Initiative. This effort set out to find appropriate areas in 
the estuary that would benefit from various forms of living shore-
lines. The steps involved to accomplish this goal included complet-
ing an inventory of various types of living shorelines, a geographic 
information systems (GIS) analysis to narrow down areas of interest 
in the estuary, field reconnaissance of selected potential sites, con-
ceptual plan development for sites where a demonstration project is 
deemed most suitable, and engaging the local community in work-
shops that will relay project results and reinforce climate adaptation 
needs and priorities in real-life coastal communities.

gis analysis

For the preliminary GIS analysis, we combined GIS layers that 
contained information matching first-order criteria for deter-
mining living shoreline sites. Physical and chemical metrics that 
were mapped within areas of interest included fetch and poten-
tial boat traffic as proxies for wave energy. In addition, shore 
morphology, substrate type, and salinity regimes were mapped 
where possible to guide selection of appropriate living shoreline 
types and biological communities. This GIS model classified the 
shoreline into three major categories: potentially suitable for bio-
based stabilization (low-energy); potentially suitable for hybrid 
options (medium/high-energy); and potentially unsuitable for 
living shorelines (high-energy or developed). Final characteriza-
tion and selection of candidate pilot sites were then based on 
field reconnaissance.

field reConnaissanCe

On-the-ground reconnaissance at these sites consisted of mea-
suring elevation, recording vegetation and substrate type, and 
evaluating energy, erosion, and other abiotic factors to confirm 
suitability for living shoreline pilots. The findings from these field 

assessments were then used to prepare preliminary recommenda-
tions for living shoreline design options for prospective sites that 
might serve as future demonstration projects.

Field assessments were jointly conducted by staff from the 
PDE and the Rutgers Haskin Shellfish Research Laboratory. A 
Real Time Kinetic Geographic Positioning System (RTK GPS) 
was used to characterize local site conditions and develop eleva-
tion contour maps for sites of interest. The RTK GPS was a Virtual 
Reference Station (VRS) single rover and data collector that had 
one-centimeter horizontal and two-centimeter vertical accuracy. 
For each site, we recorded several hundred points with the RTK 
GPS either by taking the points along transects from the high 
marsh to the low-tide water line or within polygons of different 
vegetation and substrate types. The RTK GPS has a coding system 
where we could label each elevation point with the type of vegeta-
tion and substrate at that point, which allowed us to later map 
the vegetation and substrate using GIS. Contour maps were also 
created in GIS from the 3D elevation points. 

Other data collected during field assessments included: a char-
acterization of energy conditions, specifically looking at the presence 
of boat wakes, average fetch, and other field observations; landscape 
condition, including surrounding development, barriers to landward 
wetland migration, riparian land use, native versus invasive plants, 
and condition of soil; percent of shoreline alterations and shoreline 
control structures; and approximate shoreline erosion/stability. Av-
erage shoreline erosion was measured by looking at five points along 
each site and determining if the area was generally eroding (-1), gen-
erally stable (0), or generally accreting (+1). The five erosion scores 
were then averaged for that site. The percent slope was calculated 
by dividing the elevation change from the vegetation edge to mean 
low water by the distance of the line between two elevation points 
(multiplied by 100%). The fetch was calculated by measuring five 
lines (each 22.5 degrees apart) from the vegetated edge of the site to 
the other shoreline across the body of water.

Figure 3: “Soft” living shoreline for low-energy sites (left) versus a living shoreline that utilizes harder structures, as well as native vegetation 
(middle). Photos courtesy of the PDE and Maryland Department of Natural Resources. Figure 4 (right): Areas of interest for a potential living 
shoreline project around the estuary.
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These field assessment data layers and contour maps were then 
used to develop conceptual plans for many of the sites by match-
ing the known suitability of various living shoreline tactics with 
these observed local conditions.

ConCePtual Plans to on-the-ground liVing shorelines

Conceptual plans were developed based on energy at the site, sa-
linity for appropriate bivalve shellfish (ribbed mussels and oysters), 
local tidal data, and actual elevations of the site from the RTK GPS 
used in the field. If the site was low-energy, a bio-based living shore-
line was recommended, with marsh creation and coir fiber logs for 
trapping sediments. If the site had medium/high-energy, an appro-
priate hard structure that still created habitat was recommended as a 
breakwater in front of a bio-based living shoreline. 

Determining the elevation of any installed materials was found 
to be one of the most critical factors to be considered to facilitate es-
tablishment of viable vegetated wetlands. For example, installations 
must be set within the tidal frame at an elevation that benefits the 
planted fauna and flora. It is important to know each site’s contour 
line for mean low water (MLW), which is the average low water at 
the site, mean high water (MHW), which is the average high-water 
level at the site, mean tide level (MTL), which is roughly halfway 
between MLW and MHW, and mean higher high water (MHHW), 
which is the average of the higher high water, or upper limits of 
the wetlands. MTL is used instead of MLW to determine optimum 
plant growth because the roots of intertidal plants generally need to 
breathe as well during the tide cycle. Similarly, we found that it is 
important to assess the prevailing salt content (salinity) of each site 
to identify appropriate sustainable biota. Therefore, it is critical to 
the success of a project to effectively match plant material, planting 
zones, and salinity regimes. Therefore, elevation data collected with 

the RTK GPS were imported into ArcGIS to create elevation con-
tours for each site. Contours that fell within the optimal planting 
zones for appropriate vegetation (for the salinity, energy, and bot-
tom type) were partly used to guide the living shoreline designs and 
eventual installations. The upper and lower contour bounds of suit-
able planting zones were also determined and used to calculate the 
area in between that could be potentially “created” as new vegetated 
marsh, post-installation. 

Now that we have conceptual plans for several potential sites in the 
Delaware Estuary, the next step in our initiative will be to seek funding 
to implement some of the plans as pilot projects. Other components of 
implementation to consider will be permitting and costs. 

additional Considerations

Every site has local conditions that dictate the need for a tailor-made 
living shoreline. Similarly, every state has permitting and regulatory 
codes that might affect project feasibility or appropriateness. Larger 
projects in high-energy areas might necessitate significant engineer-
ing by qualified professionals, whereas smaller projects can often be 
implemented privately at relatively low cost. 

Permits typically are required from the U.S. Army Corps of 
Engineers and the state, and these can include fees. Letters of ap-
proval will also be needed from private landowners and public land 
managers. Sufficient staff resources and time need to be budgeted to 
navigate the permit process.

Changing the current practice of armoring sheltered coasts will 
require a change in the shoreline management framework. Deci-
sionmakers should appreciate the costs and benefits of the spectrum 
of potential solutions to shoreline erosion problems, including 
potential cumulative impacts on shoreline features, habitats, and 
other amenities. The management framework should encourage ap-

Figure 5 (left): Using RTK GPS to get elevation and contour of the marsh. Photo courtesy the PDE. Figure 6 (middle and right): Example 
of contour maps pre- and post-restoration at one area of interest in Delaware.
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proaches that minimize habitat loss and enhance natural habitats in 
environments where such methods offer effective stabilization.

Overcoming the obstacles associated with the current regula-
tory environment will require a number of societal and institutional 
changes in the following areas:

•	 Improving knowledge of sheltered shoreline processes and 
ecological services;

•	 Improving awareness of the choices available for erosion 
mitigation;

•	 Considering cumulative consequences of erosion-mitigation 
approaches;

•	 Revising the permitting system; and
•	 Improving shoreline management planning.

ConClusions and next stePs

Living shorelines represent an important restoration tool for mitigating 
coastal erosion and helping to adapt to SLR and climate change in the 
Delaware Estuary, similar to other parts of the United States. There are a 
variety of living shorelines that vary in effectiveness and ecological value. 
Some tactics are suitable only in less-energetic areas, and many soft and 
hard tactics can be combined in myriad ways as hybrids. A distinction 
should be made between an engineered living shoreline and a natu-
ral shoreline. Typically, healthy natural shorelines furnish the greatest 
ecosystem goods and services, but they are increasingly vulnerable to 
forces that they cannot withstand. If designed correctly, living shore-
lines should provide more ecologically beneficial outcomes for control-
ling erosion than traditional hard tactics. Because living shorelines are a 
relatively new and innovative approach, they are not yet as predictable 
or standardized as their hard-structure counterparts. However, Rutgers 
University Haskin Shellfish Laboratory and the PDE have had success 
using a living shorelines application to stem erosion on the Maurice 
River (on the New Jersey side of Delaware Bay) and have generated 

information from the pilot projects along the Maurice River concerning 
the factors that determine success in living shoreline applications.

Advancing its plans for climate change outreach and demonstra-
tion sites is a top priority for the PDE in 2012. The next steps include 
identifying and designing at least two new climate change demonstra-
tion sites using living shorelines and initiating an outreach campaign 
to advance local decisionmakers’ understanding of and capacity for 
responding to climate change. Funding to construct living shorelines 
at the selected demonstration sites, and to produce the materials and 
implement programs for the outreach campaign, will be critical. 
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