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Introduction
Coastal salt marshes provide many beneficial ecosystem services, including storm surge
protection, water quality enhancement, carbon storage, and fish and wildlife habitat. In the
Delaware Estuary, most of the >140,000 acres of coastal wetlands are salt marshes,
representing one of this system’s most important and characteristic habitats (PDE 2012a,
2017). However, the Delaware Estuary has been losing almost an acre of tidal wetland per
day since 1996 (PDE 2012a) and 25-75% of the remaining acreage is expected to be lost by
2100 (Kreeger et al. 2010). Since these extensive salt marshes that fringe Delaware Bay are
situated between coastal communities and rising seas, the loss of these protective habitats is
of increasing concern among coastal communities and management agencies.
Salt marsh habitats exist within specific tidal ranges and are therefore susceptible to
increasing energetic interactions as well as shifts in inundation regimes associated with local
relative sea level rise, which has is currently about 4 mm per year. Projections for
increasing rates of sea level rise therefore represent a serious threat to the survival of marsh
platforms. Monitoring conducted through the Mid-Atlantic Coastal Wetland Assessment
has shown, however, that most of the recent marsh loss in the Delaware Estuary has been
associated with edge erosion, rather than interior drowning of marsh platforms (PDE 2017).
More than 95% of salt marsh shorelines are currently eroding along Delaware Bay, for
example. Increased boating activity, deeper channels, and larger ships may be enhancing
wave and current energies associated with the deeper and wider water bodies, thus
contributing to erosion of marsh shorelines. Edge erosion likely results from the interplay
between increasing energetics combined with increasing inundation from sea level rise,
which can lower the integrity of root mats (Morris 2002). Rates of landward transgression
of salt marshes into uplands do not appear to be offsetting the marsh losses along the
seaward edge, and this trend is expected to continue, resulting in >42,500 acres of net
wetland loss by 2100 (Kreeger et al. 2010). To adapt, coastal communities and managers
need to be equipped with cost-effective tools to help stem salt marsh losses and sustain the
crucial ecosystem services that they provide.
Traditionally, salt marsh protection consisted of hardened structures, such as seawalls and
bulkheads that separate the marsh and subtidal ecosystems. This separation can decouple
important hydrological and biogeochemical interactions, which are reflected in significantly
reduced biota near bulkheads compared to salt marsh edges (Seitz et al., 2006; Bilkovic and
Roggero, 2008; Partyka and Peterson, 2008; Currin et al, 2010; Balouskus and Targett,
2016; Gitman et al., 2016a; Torre and Targett, 2016). Hardened structures reflect wave
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energy, scouring the substrate waterward of the structure and creating impact zones for
waves and debris behind the structures (Pilkey and Wright, 1989; Pilkey et al., 1998, Rogers
and Skrabal, 2001; Bozek and Burdick, 2005; National Research Council, 2007; Currin et al,
2010; Gitman et al, 2016b). Stabilizing degraded marshes with natural, softer materials can
yield greater stability and sediment capture, thus facilitating marsh regeneration, wave
energy absorption, and connectivity between terrestrial and aquatic environments (Moody et
al. 2016a, 2016b; PDE 2013). Many of the benefits conveyed by coastal marshes and soft
armoring techniques were witnessed during and after Hurricane Sandy, which caused
tremendous damage to both built and natural infrastructure in the upper mid-Atlantic region
in late October, 2012. In contrast, living shorelines that were constructed prior to Hurricanes
Irene and Sandy as part of this study appeared undamaged, which was in stark contrast to
severely damaged nearby bulkheads and associated buildings.
Living shorelines consist of a wide variety of tactics that typically enhance ecological
conditions while also achieving coastal management goals, such as shoreline protection,
erosion control, fish and wildlife enhancement, and water quality enhancement. By
enhancing ecological conditions that lead to more diverse, abundant and functional natural
plant and animal communities, living shorelines may also enhance water quality and bolster
pollutant and carbon sequestration. In many cases, the biological activity associated with
living shorelines can also promote vertical accretion, potentially keeping pace with rising
sea level, whereas hard structures such as bulkheads do not. They therefore represent more
environmentally friendly alternatives to more traditional shoreline protection tactics such as
seawalls, bulkheads, dikes, and tidal control systems. However, living shorelines are
designed to achieve specific goals and typically need to be maintained, therefore, they are
not the same as natural habitat restoration.
Living shorelines can vary widely in structural effectiveness and ecological value. In low
energy areas, a living shoreline might be developed using natural materials and living
material alone, which is hereafter referred to as a “bio-based” living shoreline. In areas with
moderate to high energy, such as along the open waterfront of Delaware Bay, living
shoreline approaches can be blended with traditional hard tactics, which is often referred to
as “hybrid” living shorelines. An example might be a subtidal breakwater or sill that is
constructed to dampen wave energy and currents, allowing for intertidal biological
colonization and ecological enrichment. Specialized approaches can be adapted to “green
up” and stabilize degraded or built shorelines or to cap contaminants. Every site is different
and living shoreline projects should be tailored to local physical, chemical and biological
conditions, as well as to the specific goals of implementers and managers.
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Two of the top management goals in the Delaware Estuary are to stem the loss of salt marsh
habitat and to promote water quality (DELEP 1996, Kreeger et al. 2006, PDE 2017). As the
majority of recent salt marsh losses have been along seaward edges, developing and testing
living shoreline tactics is a subject of intense current interest. Since marsh edges are also
rich in ecosystem services, this interest is also being spurred by a desire to enhance the
water quality benefits that can be furnished by abundant filter-feeding shellfish. Oysters and
ribbed mussels represent ideal targets for use in salt marsh living shorelines because they
can impart structural resilience while also helping to cleanse the water of microparticulate
matter (including associated particulate nutrients). The Delaware Estuary Living Shoreline
Initiative (DELSI) was launched in 2007 to develop and test bio-based living shoreline
approaches that maximize coverage of vascular plants and bivalve shellfish, which typically
represent the functional dominant producers and consumers in eastern USA salt marshes
(Kuenzler, 1961; Jordan and Valiela, 1982; Bertness 1984). The main approach that was
devised is a bio-based type of living shoreline that is referred to as the “DELSI Tactic” and
which focused on both of the management goals.
The DELSI tactic employs natural coir-fiber logs and oyster shell bags as a short term
stabilization device, to initially stem erosion and encourage accretion in the vertical zones
that are appropriate different species that comprise the salt marsh edge community.
Sediment is either naturally trapped or directly augmented behind the coir-logs. After
sediment reaches targeted benchmarks, vascular plants such as smooth cordgrass, Spartina
alterniflora, are planted using either naturally salvaged material or nursery-grown stocks.
When possible, planting is typically completed at the start of a growing season. The
durability of the shell bags and coir logs typically allows sufficient time for the plantshellfish community to mature and bind together, although some periodic augmentation of
installation materials may be needed. The persistence of the shell bags is particularly
important because they provide fortification and serve as a suitable recruitment substrate for
both oysters and ribbed mussels.
Bivalve shellfish can be an important component of some types of living shorelines. Similar
to plants, colonization by eastern oysters, Crassostrea virginica, and ribbed mussels,
Geukensia demissa, can occur via either natural recruitment or placement of hatchery reared
seed. Oysters are often a restoration target in living shoreline projects of the southeastern
United States because oysters can be extremely abundant in the intertidal zone along the
waterward edge of those salt marshes. Such oyster reefs intercept wave energy that would
otherwise directly impact the marsh edge, and the porous network of shell that comprises the
reef matrix attenuates wave and current energy by deconstructing and compartmentalizing
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portions of the energy as it passes through interstitial spaces between shells. Historically,
oyster reefs were precluded from intertidal areas in the Delaware Estuary due to the
physiological constraints associated with winter freezing plus the physical disturbances
associated with ice scour. However, warming temperatures appear to be allowing the
persistence of (low) intertidal oyster communities in southern areas along Delaware Bay,
and oysters are now regarded as a viable target for the low intertidal and shallow subtidal
zones of living shoreline designs in areas where oyster restoration is permitted.
In contrast to oysters, there are no restrictions on the use of ribbed mussels (Geukensia
demissa) in restoration projects since they are not a commercial resource, and ribbed
mussels are a ubiquitous component of the intertidal zone of eastern USA salt marshes
where they are considered to be the functional dominant animal (Kuenzler 1961; Lent 1969;
Jordan and Valiela 1982). Ribbed mussels typically live in mutualism with salt marsh
cordgrass Spartina alterniflora (Bertness 1984) and they are remarkably tolerant of both
freezing and hypersaline conditions. Even small densities of mussels are associated with
reduced erosion rates (Moody M.S.). Both oysters and ribbed mussels are believed to be
ecologically significant filter-feeders in the Delaware Estuary (Kreeger and Kraeuter 2010)
where they have been estimated to collectively filter hundreds of billions of liters every hour
during spring to fall (Kreeger and Gatenby 2007).

Purpose of this Document
This document describes the experimental process for developing and testing various biobased methods of shoreline stabilization in low/moderate energy areas and to gauge and
compare their ecological uplift. The scientific process used to test and refine the DELSI
method at long-term study sites in salt marshes of the Maurice River, NJ, is presented.
Outcomes were assessed regarding the effectiveness of each treatment (a living shoreline at
a location) to: 1) meet their stated site-specific goal(s); and 2) persist at the locations where
they were installed. A step by step summary of the most effective DELSI protocol is then
provided. With respect to low/moderate energy sites, this methodology, and the various
ecological considerations discussed, can be used by restoration planners and practitioners in
New Jersey to determine whether a bio-based tactic may be suitable for a particular site.
Although not a thorough “how-to” guide, this report provides ecological context to augment
other living shoreline guidance documents, such as Steven’s Institute’s Living Shorelines
Engineering Guidelines (Miller et al. 2016) and previous DELSI reports by PDE (e.g., PDE
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2011, PDE, 2012b; PDE, 2013; Whalen et al. 2012).

Approach
To test the effectiveness of the DELSI method (summarized above), approximately 15
replicate living shoreline "cells” were installed and (some) maintained over a 9-year period.
All study sites consisted of eroding salt marsh shorelines. Installation designs varied in
configuration, substrate types, and placement elevations. The location of initial installation
cells also spanned an energy gradient along the Maurice River. Materials were primarily
natural products or live native species. The study consisted of the following three phased
elements:
1. Phase 1. Initial tests along energy gradient, referred to as treatment locations B, C, &
D. Replicate cells were installed at each location (2008-2009) Cells were not
maintained thereafter. The results were used to develop the DELSI prototype.
2. Phase 2. DELSI prototype test at cell D15 (installed 2009-2010). Monitoring at this
site included analysis of an untreated, paired control. (2009-2010, revisited 20152016). This cell was not maintained after initial installation.
3. Phase 3. Sustained DELSI tests at treatment locations E1 and E2 (installed 2010,
maintained and monitored 2010-2016). Each of the two locations consisted of one
cell and an untreated paired control. These cells were adaptively managed using
monitoring results.
Monitoring primarily gauged changes in key physical (e.g., vertical contours and horizontal
shoreline position) and biological (e.g., robustness of vascular plants and sessile
invertebrates) features, augmented with sporadic analyses of other ecological attributes (e.g.
nekton). Monitoring for Phases 2 and 3 followed a BACI (Before-After-Control-Indicator)
experimental approach, where possible. Augmentation and adaptive management of cells E1
and E2 was informative for beginning to understand the long-term vulnerabilities and
maintenance costs for the DELSI tactic. Comparing outcomes of sustained (E1, E2) versus
non-sustained treatments (D15) also yielded information on the importance of maintenance
for the persistence and net ecosystem service outcomes associated with DELSI installations.
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Methods
Study Sites
The Maurice River is a tributary to
Delaware Bay, approximately 50mi in
length, with a drainage area of 386m2 in
Salem and Cumberland Counties, NJ (Fig
1). Its watershed includes coastal forests,
agricultural areas, developed commercial
and residential areas, and coastal salt
marshes. The extensive fringing salt
marshes at the mouth of the Maurice River
are ecologically important areas fish
nurseries for a variety of commercial and
recreation fish species, habitat for nesting
birds and mammals, recreation
destination, and historically important
oystering grounds. Shoreline erosion of
these important salt marshes is greatest
near the mouth, where landward edge
erosion rates exceeding 3m per year have
been reported in some locations (Kreeger
et al. 2015).

E2
E1

B

A

Figure 1. Candidate locations along the lower Maurice
River, NJ, which were considered for living shoreline
pilot tests. Sites (A, B, C, D1, D2, E1 and E2) span an
energy gradient (highest at site A).

Phase 1 Initial Tests – Sites B, C, D
Target areas for initial DELSI testing included sites that span the energetic gradient from
near the river mouth to the second meander upriver (about 3 kilometers), which were
referred to as sites B, C and D in phase 1 (Fig 1). Site B was located at the mouth of the
Maurice River, open to the fetch of the Delaware Bay. The salt marsh shoreline at site B has
experienced some of the fastest erosion of any location assessed in Delaware Estuary,
varying from 1.0 to 3.5 meters of landward recession per year in the vicinity of the living
shoreline study area (Kreeger et al. 2015), and much of the unvegetated intertidal shoreline
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is characterized by exposed peat. The marsh edge has a steep slope at this location, and the
platform elevation on the marsh levee nearest the edge is typically high (Kreeger et al. 2015)
in comparison to similarly studied salt marshes elsewhere on the New Jersey Bayshore of
Delaware Bay. The dominant vascular plant at Site B was S. alterniflora.
Site C was located just upriver beyond the first meander to the Maurice River mouth. The
intertidal foreshore area at Site C was less extensive than at Site B and was mainly
composed of soft, fine sediments rather than exposed peat. The erosion pattern at Site C
was primarily undercutting, resulting in large overhangs that break and slump onto the
foreshore, creating numerous large vegetated clumps of >1m. The dominant vascular plant
at Site C was S. alterniflora.
Site D was located near the second meander along a wide intertidal mudflat of deep, fine
sediments. Due to its location along a bend in the river, the shoreline of site D was oriented
perpendicular to the flood tide river axis, resulting in extensive fetch and flood tide flow
from the west, but during ebb tides site D was in a depositional zone, resulting in a diurnal
supply of river, derived fine sediment. Patches of Phragmites australis, were located along
the edge, although S. alterniflora was still the dominant vascular plant along the shoreline at
site D. Numerous living shoreline cells were deployed within a 1 km reach of shoreline at
this site.

Phase 2 Prototype Test – Site D15
Drawing from lessons learned from phase 1, the DELSI prototype was tested by installing
one new living shoreline cell along a section of shoreline at site D that had not yet been
treated. This study location was referred to as site D15, which is shown in Figure 5. The
dominant vegetation species and foreshore characteristics at site D15 were as described
above for site D.

Phase 3 Sustained Tests – Sites E1, E2
Slightly downriver from site D, site E was located along the eastern side of the river at the
Anchor Marina, Matt’s Landing, New Jersey (Fig. 1). Between March and November of
each year, a series of floating docks are deployed along this shoreline for use by commercial
and recreational watermen. These docks provide some seasonal protection from ambient
wave energy, but the enhanced boating activity could also create local wakes. There is a
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boat ramp at the downriver extent of the property. Sites E1 and E2 are bisected by a small
pier and ramp to the floating docks. The preexisting shoreline at the upriver side, site E1,
was a natural salt marsh edge that was experiencing erosion, and its foreshore was
characterized as being a narrow mudflat of soft, fine material. The shoreline of the
downriver side, site E2, had been rip rapped at the land-water interface to stem erosion and
protect a marina office, which was located in a parking lot just landward of the shoreline
edge. A narrow band of Phragmites australis existed in the high intertidal zone at the upper
bounds of the rip rap. The foreshore at site E2 was narrow and consisted of a mixture of
fine material, sand and crushed shell. The downriver end of site E2 was bounded by a
bulkhead.

Material Configuration and Placement
Phase 1 Initial Tests - Sites B, C, D (2008-2009)
Goals of the initial test phase included: 1) persistence of living shoreline; 2) sediment
trapping and retention; and 3) avoidance of negative (e.g. erosional) effects along adjacent
areas. Ecological enhancement was also sought and anecdotally examined, but ecological
goals were a higher priority focus in later phases after structural integrity and physical
targets were met.
A variety of coir-log sizes, types, positions and placement configurations were deployed in
multiple arrangements across the intertidal area at replicate cells within each site.
Installation tactics were diversified with the main intent to identify success/failure
thresholds with respect to the initial goals. As generally expected for a restoration
experiment, most of the initial installations failed with regard to their ability to persist
without sustained maintenance. Hence, for this paper we refrain from describing detailed
placement information (and results) for all of the installations. Any sediment trapping that
initially occurred was subsequently lost at the locations that did not persist. Although most
of these initial installations did not persist, we did not observe any negative effects of the
installations in adjacent areas.
The following are examples of different factors, materials, and configurations that were
tested amongst sites B, C and D in the pilot phase of this study:
1. Log diameters of 12 inches versus 16 inches
2. Log lengths of 12 feet versus 20 feet
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3. Logs of “regular” quality versus “premium” quality (e.g., packing density)
4. Logs placed directly against overhanging cut banks (Fig. 7a)
5. Logs positioned low in the tidal prism (Fig. 7b)
6. Logs positioned perpendicular versus parallel to shoreline
7. arranged as terraces at different elevations in the tidal zone (Fig 7c)
8. Logs with and without mat foundations (Fig. 7d)
9. Logs with and without seaward shell bag buffers
10. Coir mats without logs (Fig. 7e)
11. Lattice tying versus single tying of logs
12. Log stakes oriented in “A” versus “V” formations
13. Log stakes of hardwood versus softwood
14. Log stake lengths of 3, 4 and 5 feet
15. Shell bags made from plastic versus natural materials
16. Overlapping the ends of logs versus logs positioned end to end
17. Vegetation planting using either purchased plug or locally salvaged clumps
18. Ribbed mussel natural recruitment versus stocking with adult mussels

With the exception of the oyster shell and live plants and animals, all placement materials
were obtained from commercial sources. Oyster shell was donated from local shell
recycling operations, and was then bagged into shell bags approximately 0.5 m long and
weighing approximately 15 pounds. Vegetation for planting was either purchased plugs of
S. alterniflora (reared from New Jersey seed stocks) or locally salvaged clumps of S.
alterniflora. Salvaged clumps were obtained from intertidal foreshore areas within 2-3 km
of each installation site. Due to the high degree of erosion in the Maurice River, salvaged
clumps of plant material, often with mussels attached, were readily available for collection
and recycling. Salvaged materials were collected in bushel baskets for transport to living
shoreline installation locations. Clumps were only gathered if they had completely detached
and were no longer rooted into the sediment. In some cases, salvaged clumps were placed
intact within areas of living shoreline treatments between logs (often in freshly trapped
mud). In other cases, the clumps were subdivided and the smaller clumps were planted
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directly into the logs after a few months of aging. Purchased plugs of plants were mainly
planted in the logs after aging. Salvaged mussels were similarly planted into logs, unless
they were associated with larger clumps that were left intact.

Phase 2 Prototype Test - Site D15 (2009-2010, 2015-2016)
Results of phase 1 tests (see Results: Initial Testing) in 2008 (and monitored into early
2009) were used to guide the design and installation of the DELSI prototype, which was
installed at site D15 in spring, 2009. The configuration was a dual-cusp where natural
marsh curvature (horizontal) and terracing (vertical) was replicated by positioning two lines
of coir-logs in arc formations roughly parallel to each other and the marsh edge. The treated
length of shoreline was 30.5m. The most waterward cusp (cusp 1) was comprised of coir
logs that were 20’ x 16”, which were arranged in an arc spanning the entire treated shoreline
(30.5 m). The landward cusp (cusp 2) was built using coir logs that were 20’ x 12”, which
were arranged in an arc (parallel to cusp 1) that spanned 24.4m of shoreline midway within
the cusp 1 shoreline. All coir logs were placed on top of coir fiber matting.
Target elevations were chosen so that the eventual terraces formed behind coir logs were
within the growth range of the dominant plants, S. alterniflora. Hence, the top of the coir
fiber logs of the waterward cusp (cusp 1) matched the bottom of the growing elevations of
the nearby vegetated marsh edge, and the top of cusp 2 matched the optimal growing range
of nearby vegetation (as per best scientific judgment). The ends of each cusp were oriented
at 90o angles to the existing marsh platform, and oyster shell bags were placed on both sides
of logs at these joints to provide armoring. Ends of coir logs were tied to each other using
coir twine.
Per log, 10 pairs of 4’ wooden stakes were used to anchor the log, and each stake was predrilled with a ¼” hole drilled approximately 3” from the top. Stakes were positioned on both
sides of each log every 2’ along the length of each log. Sledge hammers were used to drive
stakes through coir matting and into the sediments. Stakes were generally positioned
vertically, but with a slight “A” configuration to help cinch the log in a fixed position. One
meter lengths of coir fiber twine were then threaded through the holes of each pair of stakes,
passing under a section of the twine casing of the top of the log. Twine was affixed to
stakes using bowline knots. Stakes were then further driven into the sediments so that the
tied coir twine cinched tight across the tops of the logs. A row of shell bags was then placed
along the waterward side of cusp 1 at a density of ~1 shell bag per linear foot. Shell bags
provide armoring to buffer the coir logs from wave and current energy.
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Physical materials were installed at site D15 in April 2009, however planting of salvaged
and purchased plugs of S. alterniflora was purposefully delayed until sufficient sediment
had been trapped within the cells to facilitate rooting of planted vegetation. Aging of coir
logs is also conducive to planting. Planting occurred later in spring, as soon as sufficient
sediment had accumulated to reach approximately 2/3 the height of the coir logs (e.g., 10.5”
behind cusp 1 logs).
For monitoring and assessment purposes, the D15 prototype was paired with an untreated
control area that was situated adjacent to D15. This shoreline was similar in length,
orientation, biological community, and physical erosion characteristics. Both the D15
treatment and its control were then monitored for one year (to summer 2010), which was
discontinued due to funding. Monitoring temporarily resumed in 2015 and 2016. No
maintenance was given to site D15 following installation.

Phase 3 Sustained Tests - Sites E1 & E2 (2010, 2013-2016)
Based on the apparent success of the DELSI prototype at site D15 (e.g. reemergence and
expansion of planted vegetation in spring 2010), this prototype was replicated in phase 3 at
sites E1 and E2 in April 2010. Sites E1 & E2 were installed with two different goals. The
top goal at site E1 was to stem marsh erosion (landward recession of the vegetated marsh
edge) while sustaining ecological conditions. At site E2, the top goal was to enhance the
ecological condition by restoring vegetation and associated organisms to the rip rapped
shoreline area. A key difference between this phase and earlier work was that sites E1 and
E2 were subsequently adaptively managed (i.e. monitored and maintained) from the time of
installation in 2010 through 2016, including at least annual assessments and periodic
augmentation (see below and results). This sustained maintenance was found to be essential
to achieve the goals of each treatment, such as maintaining their vertical and horizontal
positions.
The design and installation methods described above for D15 were replicated at both sites
E1 and E2. The living shoreline at site E1 was constructed in front of the natural marsh edge
on soft, fine substrate. This cell consisted of five 20’ x 16” coir logs that formed the
waterward cusp 1, and four 20’ x 12” logs were installed as the landward cusp 2. The living
shoreline at site E2 was constructed in front, and partially upon, rip rap on firm, packed
substrate (and some stakes were driven between rip rap stones in the landward cusp 2. This
treatment also contained five 20’ x 16” coir logs as cusp 1, but only three 20’ x 12” logs as
cusp 2. Both treatments were ~100 linear feet along their waterward edge.
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Initial sedimentation at sites E1 and E2 was rapid, and the treatments were able to be planted
approximately 1 month after installation (May, 2010). By September, 2010, the vegetation
had visibly flourished at site E2 but withered at site E1, despite both cells being planted at
the same initial elevation and in the same manner. The vegetation at site E2 had already
expanded throughout the treatment and had grown tall and dense, whereas the vegetation in
E1 had almost completely died with the exception of a few patches along the landward
margin. A subsequent elevation survey using a Total Station revealed that the elevation of
cell E1 was approximately 4”-6”lower (~10.15cm – 15.25 cm compared to cell E2.
Inspection of installed coir materials showed little evidence of compaction. One explanation
for the difference was that the initial vertical positions of the treatments were not well
matched between sites E1 and E2 because targeted vertical positions were judged simply
from the visible elevation of nearby ambient vegetation rather than a detailed physical
survey. A second explanation was that the materials placed at site E1 had sunk into the soft
substrate conditions following installation and planting. In either case, the resulting
elevation at site E1 clearly was suboptimal in terms of the inundation conditions needed for
optimal plant growth.
In response to the poor vegetation result at site E1, in the spring of 2011 additional materials
were placed on top of cusp 1 to increase the vertical position within the local tidal datum.
The new target elevation was designed to match the midpoint of the local growth range of S.
alterniflora in this area of the Maurice River, which was determined to be between 40cm
and 1m (i.e. between MW and MHW). As a result, the treatment at cell E1 was elevated
approximately 40cm by the addition of a second tier if coir logs (16” diameter). A coir mat
was first rolled out over the existing cusp 1, and then four 20’ logs were added just landward
of the edge of the original cusp 1 log line, forming a second deck. After a sedimentation
period (until October 2010), salvaged plants were used to re-plant cell E1. This two-deck
configuration allowed for sufficient vertical augmentation to achieve the proper elevation
range for the targeted vegetation (S. alterniflora). The second deck collected sediment until
mid-October when it was planted with salvaged materials.

Monitoring and Analysis
Material Persistence: Phase 1
Due to the exploratory nature of Phase 1 tests, monitoring consisted mainly of visual
observations of the persistence of installed materials. Log movement and decay patterns
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were photographed and recorded. Data were summarized as counts of coir-log deployment
and survivorship (persisted vs. deflated/removed) at sites B, C, & D from the time of
installation in spring/summer 2008 until summer 2009.

Horizontal and Vertical Position Change: Phases 2 and 3
Having settled on a DELSI approach that generally persisted for at least a year, more
intensive monitoring commenced for Phase 2 (prototype at D15) and 3 (replication for
different goals at E1 and E2). For these phases, outcomes were assessed with regard to
whether they 1) stemmed erosion or possibly led to the expansion of salt marsh acreage, and
2) sustained or enhanced the vertical position of the shoreline within the treatment area. Use
of paired controls enabled statistical analysis using the BACI framework (see below).
Monitoring of site D15 was performed from spring 2009-spring 2011, and resumed from
summer 2015-spring 2016. Monitoring of sites E1 and E2 commenced in spring 2010 and
extended at least annually until spring 2016.
Specifically, position change was tracked as follows:
1. Horizontal position of the contiguous vegetated edge
2. Vertical position of the contiguous vegetated edge
3. Vertical position of 4 permanent monitoring plots stratified along 3 transects
positioned perpendicular to contiguous marsh edge at the following locations:
a. Plot 1: located ~1m waterward of cusp 1
b. Plot 2: located between cusp 1 and cusp 2
c. Plot 3: positioned between cusp 2 and the original contiguous vegetated edge
position
d. Plot 4: positioned ~1m landward of the original position of the contiguous
vegetated edge
All geospatial data before 2013 were collected using a Trimble Total Station. Initial
position of the total station was determined from the USGS benchmark designationBivalve, PID AA7224, which is located in Cumberland County, New Jersey. A series of
sequential positioning shots were taken to place the Total Station in an appropriate location
from which sites D15, E1, and E2 could be surveyed.
Geospatial data during and after 2013 were collected using a Trimble R6 Real-Time
Kinematic (RTK) GPS survey unit (accuracy: horizontal = 0.8cm±1ppm RMS; vertical =
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1.5cm±1ppm RMS; ppm=1mm error per 1km distance from base; RMS = Root Mean
Square error). A series of infrastructure-based benchmarks located at each site were
surveyed during each data collecting task to allow for confirmation of lateral position
accuracy.
All geospatial data were analyzed using ArcGIS (versions 9.3-10.4). Positional accuracy of
Total Station data collected before 2013 was confirmed and adjusted when necessary using
the Spatial Adjustment tools in ArcGIS 10.3. Positions of permanent benchmarks from pre2013 data were spatially adjusted to coincide with the RTK-GPS surveyed positons
collected post-2013 (these positions did not vary outside of the intrinsic RMS). Digital
Shoreline Analysis Software (DSAS) was used to calculate the rate and distance of lateral
marsh movement at each treatment and control area. Analyses followed instructions in the
DSAS manual (see: http://woodshole.er.usgs.gov/project-pages/DSAS/version4/index.html).
Transect Spacing was set to 1m. Shorelines in this data set were not of great length, and
therefore a 1m transect spacing was selected as it provided the most data and yielded the
most useful graphical information. Transect length was 15m, ensuring that each passed
through all shoreline shapefiles.
To account for elevational differences between treatments and controls over time, a BeforeAfter-Control-Impact (BACI) statistical design was employed. For sites E1 and E2, the
temporal component (BA) of the model considered 2010 to be the "before" and 2016 to be
the "after" time points. The paired control area (C) was differentiated from the area of
impact, or living shoreline treatment (I).
Elevation subsamples collected in each plot (n=3 per control or impact per year; 1 per
transect) were used to calculate temporal and spatial variances related to elevation change
(response variable). Differences in variance were analyzed as a two-way ANOVA test to
assess the effects of Time and Location for each metric. An alpha threshold of 0.05 was set
to detect significant differences. An interactive effect between Time and Location indicated
a significant effect as a result of the living shoreline. For example, if the elevation change
measured over time differed significantly between the treatment area and the control area, it
was regarded as reflecting a treatment effect from installation of the living shoreline. BACI
analyses were conducted using R version 3.0.3 (2014-03-06) -- "Warm Puppy". The linear
model was constructed using the "lm()" function and variance analysis was performed using
the "anova()" function (Type I sum of squares, balanced design). BACI plot graphics were
created using the gplots package and the barplot2 command.
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Faunal Usage
Faunal usage of installed living shorelines was assessed during 2011 (i.e., 1 year following
installation). Box seines and minnow traps were deployed at sites D15, E1, & E2 treatment
and their paired controls during the summer, and this was repeated in the fall to potentially
assess different seasonal species. Replication per site was 1 box seine and 4 minnow traps
per season per treatment and paired control. For additional comparative purposes, minnow
pots were also deployed at the bulkhead adjacent to site E2 during the same times (n=2 per
season).
Minnow traps were deployed midway within the treatment areas. In living shoreline
treatments, two traps were placed on top of cusp 1 and cusp 2, representing a width and
elevation difference. At control sites, traps were positioned at identical positions, but as no
materials were deployed to place traps on top of, traps were positioned at similar distances
from the landward margin as at the treatments. All fauna caught in the traps were counted
by species and weighed.
One hundred foot box seines were deployed at high tide, centered on the mid-line of each
treatment and control. The weighted bottoms of the box seines were pushed into the
sediment to minimize the possibility of faunal escape on the outgoing tide. At the next low
tide (~6hr later) the box seines were gathered, and any trapped fauna were identified and
counted.

Results
Material Persistence
Phase 1 Initial Tests - Sites B, C, & D (2008-2009)
Success of the early treatment designs was gauged by the ability of the materials to persist at
their original placement position, while retaining their original material density. As most
configurations were lost within the first year of deployment, quantitative analysis of
treatment-specific features was precluded. Material loss occurred in two manners: 1)
removal of the materials completely; i.e., they were washed away; and/or 2) progressive
disintegration of coir logs; e.g., erosion of coir stuffing after holes were ripped in the
protective netting.
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In general, materials were lost at sites B & C where there was greater energy, and materials
persisted at many locations at site D, which was the upriver site with comparatively lower
energy. Materials that were able to maintain their position between 2008 and 2009 at site D
were observed to trap sediment (Fig. 2a), support vegetation growth (Fig. 2b), and support
modest shellfish colonization (Fig. 2c). Hence, those coir log treatments that were able to
persist were capable of supporting salt marsh habitat within the treatment cusps. At site D,
the cusp design (Figs. 2a, b) that tied into the adjacent marsh edges was deemed to be most
successful in persisting and capturing natural sedimentation (i.e., no fill was added), and this

a

b

c

Figure 2. Examples of coir materials that retained their installed positions and density 2008-2009.
Connected cusps of coir logs were effective at trapping sediment (a), allowing for vegetation growth in
their internal space (b), and were amenable to ribbed mussel recruitment (c).

installation approach provided the configuration template for subsequent phases.

Phase 2 Prototype Test - Site D15 (2009-2010, 2015-2016)
The D15 cusp that was installed in 2009 following the most successful designs from Phase 1
similarly persisted between 2009 and 2010. However, by early spring 2011 (2 years after
installation), the water ward front line of coir logs on the cusp had deflated. Although the
front coir logs disintegrated, the protective line of shell bags were still in place in spring
2011 (Fig. 3a). Due to lack of funding, this D15 cusp was not augmented, and rigorous
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monitoring of the site ceased after the spring 2011 survey. The D15 site was allowed to
evolve naturally between 2011 and 2017.
A return visit to D15 in spring 2014 revealed that dense populations of ribbed mussels had
colonized the shell bags that remained, especially along the front of the cusp where the coir
logs had earlier eroded (prior to 2011). The interior, landward cusp of coir logs was found to
also still be intact in spring 2014, and S. alterniflora had colonized the terrace formed by the
rear line of coir logs. This rear terrace, formed over former mudflat, was now significantly
elevated, showing that natural succession had led to the development of a seemingly healthy
salt marsh community (Fig. 3b).
By summer 2016, some of the rear coir logs forming the landward cusp had begun to deteriorate
(Fig. 3b). A central section of logs was missing, and some logs had compacted or deflated, causing a
decrease in height compared to the original height when installed (Fig. 3bii). However, most of the
shell bags retained their original positions and were packed with dense colonies of ribbed mussels
and oysters (Fig. 3c).

The untreated shoreline adjacent (downriver) to site D15 (Fig. 3d.i) was used as a paired

a

b

i

c

d

Figure 3. Time series showing the progression of salt marsh community development at DELSI site E1:
a) 2010 post installation; b) 2011 after installing the second deck on cusp 1; c) 2014 after drainage creek
stabilization activities; and d) summer 2016.
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control, viewable as Figure 3d.ii. The 2016 position of the contiguous vegetated marsh edge
at site D15 was seaward of the original shoreline because of the colonization of the
treatment by vegetation and associated organisms. In contrast, the vegetated marsh edge of
the control had continued to recede landward due to continued erosion, which was observed
to be representative of this reach of the Maurice River (i.e., the erosion of the control did not
appear to be caused by the D15 treatment). The result was that the D15 living shoreline
treatment was notably seaward, jutting out from the untreated shoreline. Data regarding the
horizontal and vertical changes at D15 and its paired control are provided in the horizontal
and vertical position change section below.

Phase 3 Sustained Tests - Sites E1 & E2 (2010, 2013-2016)
Materials at DELSI sites E1 and E2 persisted between 2010 and 2014. During this period,

a

b

Figure 4. Variable response in salvaged plant growth at sites E1 (a) and E2 (b) in June, 2010 one month
following planting.

the only maintenance invested was the 2011 augmentation of elevation at site E1 (see
Material Configureation and Placement, Phase 3w). Natural sedimentation was rapid, and
the vegetation within E1 responded quickly to this augmentation. Subsequent vegetation
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growth was robust (Figs. 5, 6).
The persistence of E1 and E2 during the 2010-2014 period was notable because of three
severe storms that caused significant damages to the region: Tropical Storm Lee (2011),
Hurricane Irene (2011), and Hurricane Sandy (2012). As shown in Figure 7, both treatments
were undamaged and required no post storm maintenance. The crab shedding barns and
infrastructure behind treatment E2 also remained intact (Fig. 7c). In contrast, Hurricane
Sandy caused substantial damage to nearby shorelines and structures that were not treated
by the living shoreline. In particular, the bulkhead in front of the marina office was damaged
(Fig. 7e) and the office was destroyed. The extent of damages included the loss of portions
of the road leading to the marina (Fig. 7f).

a

b

c

d

Figure 5. Time series showing the progression of salt marsh community development at DELSI
site E1: a) 2010 post installation; b) 2011 after installing the second deck on cusp 1; c) 2014 after
drainage creek stabilization activities; and d) summer 2016.
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Figure 6. Time series showing the progression of salt marsh community development at DELSI
site E2: a) 2010 pre installation; b) 2010 post-installation; c) 2011 after one year of development;
d) 2016.

a

b

c

d

e

f

Figure 7. Condition of DELSI treatments E1 and E2 immediately following Hurricane Sandy in
early November, 2012: a) site E1; b) site E2; c) intact crab shedding barns behind site E2; d)
waterfront property just down the road from site E1 & E2; e) bulkhead adjacent to site E2
(buildings protected by bulkhead were subsequently torn down); f) road leading to marina where
sites E1 & E2 are located.
25 December, 2017| Report No.17-12
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

For their first 4 years (until 2014), the structural integrity of materials composing the
treatments at E1 and E2 remained sound. In 2014, however, water draining from the marsh
behind E1 and from the crab shedding barns behind E2 had begun to carve small drainage
creeks through the middle of the living shoreline treatments. This was interpreted as part of
the natural successional development of the sites. Small drainage creeks are vital for
healthy marsh edges, facilitating hydrologic exchange and allowing water from ebbing tides,
rainfall or groundwater seeps to escape. Nevertheless, concern regarding potential scouring
and undercutting prompted maintenance to stabilize (rather than block) the new drainage
areas. Additional coir logs and shell bags were deployed to stabilize the edges of these new
drainage pathways, allowing the creeks to persist (Fig. 8a). A modest number of shell bags

a

b

Figure 8. Adaptive management of site E2 in 2014: stabilization of naturally formed drainage creek
shown as a break in the front logs (a) and stabilized with no materials (b).

were also deployed in the bottoms of the new creeks at selected locations, forming a “shell
culvert” (Fig. 8b). These amendments allowed for water passage while minimizing creek
widening potential (see lateral shoreline position results below).
Although DELSI treatments E1 and E2 appeared unscathed by severe tropical storms and
persisted with minimal maintenance for the first 4 years (through the 2014 growing season),
some damage subsequently occurred as a result of two very severe winters that followed the
2014 and 2015 growing seasons; i.e., the 2014-2015 and 2015-2016 winters. The anomalous
2014-2015 winter saw severe, prolonged icing along the Maurice River. As a result of ice
scour and heaving, a total of 9 coir logs were damaged or lost at sites E1 and E2 by spring
2015. As there was no evidence that the previous placement of materials was not suitable
for persistence (except where creek formation was accommodated in 2014), in spring 2015
new coir logs were reinstalled in their modified 2014 locations (see Table 1 for materials
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Table 1. Materials used to initially install DE LSI sites E1 and E2 in 2010 and to augment the
sites between 2014 and 2016. Notations below materials in 2015 indicate the number of logs
used for deck 1 (d1) and deck 2 (d2).
2010

2014

2015

2016

E1

13 coir logs
100 oyster shell bags

3 coir logs
50 oyster shell bags

4 coir logs
(4:d1)

-

E2

8 coir logs
200 oyster shell bags

6 coir logs
100 oyster shell bags

5 coir logs
(3:d1; 2:d2)

300 oyster shellbags

used for 2014-2016 augmentations). Although the winter of 2015-2016 was also severe, no
resulting damage was detected at site E1 and it was not augmented in 2016. At site E2, two
coir logs were lost at the upriver end of the treatment (Fig. 9a), and area that had sustained

a

b

Figure 9. Adaptive management of site E2 in 2016: pre (a) and post (b) installation of 24 feet of shell
bags to replace coir logs.

similar damage from the 2014-2015 winter. Since this was the third consecutive year where
augmentation was required at this upriver section of site E2, a different augmentation
approach was used to stabilize it in 2016. Instead of replacing the upriver section with coir
logs, oyster shell bags were used (Table 1; Fig. 9b).
Data regarding the horizontal and vertical changes at both treatments are discussed in the
horizontal and vertical position change section below.

Horizontal and Vertical Position Change: Sites D15, E1,
and E2 (2010-2016)
Outcomes associated with horizontal changes at DELSI sites were assessed in two ways: 1)
movement of the contiguous vegetated marsh edge contrasted between treatments and
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controls (i.e., landward edge erosion versus seaward edge accretion), and 2) creation or loss
of the area of vegetated salt marsh (i.e., filling in of treated area by marsh versus loss of
marsh area). Data for the landward shoreline position movement and area change between
2010 and 2016 are provided for sites D15, E1 and E2 in Table 2. The area change is
summarized as the “gross change” of area associated with either the treatment cell or its
Table 2. Lateral shoreline position movement and area change contrasted between paired living shoreline
treatments and associated controls, 2010-2016. Lateral shoreline position change (columns 3-8) were
determined from ArcGIS DSAS analyses and are reported as the mean change relative to baseline (2010).
Errors are ±standard deviation, and n=number of transects used for calculation. The gross and net area
change between 2010 and 2016 (see text) were determined using ArcGIS 10.4 and are reported in columns
9-10, respectively.

D15
E1
E2

2013
(m)

2014
(m)

2015
(m)

2016
(m)

Gross Δ Area Net Δ Area
2010-2016
2010-2016
(m2)
(m2)

n

2010
(m)

Treatment

21

0

-

-

4.73±1.57

3.80±1.27

90.65

Control

23

0

-

-

-3.27±1.20

-3.61±0.23

-82.97

Treatment

23

0

3.30±1.72

3.23±0.41

2.64±0.61

2.76±0.56

65.89

Control

21

0

-0.05±0.66

-0.44±0.57

-0.37±0.62

-0.68±0.64

-21.85

Treatment

19

0

2.99±1.06

2.76±0.63

2.45±0.50

2.65±0.60

63.13

Control

6

0

-0.56±0.29

-0.55±0.05

-0.67±0.05

-0.68±0.04

-4.85

173.62
87.74
67.98

paired control, as well as the “net change” of area representing the combined effects of the
treatment cell relative to the control cell. The shoreline length of the control was the same
as the shoreline length of the treatment, and the net change calculation assumes the treated
shoreline would have changed similar to the control if not action had been taken.
The living shoreline at site D15 moved waterward an average of 3.80±1.27m between 2010
and 2016, creating 90.65 m2 of salt marsh (Table 2). In contrast, since 2010 the control area
for site D15 moved landward at an average rate of 0.6m yr-1, for a cumulative loss of
82.97m2 of salt marsh habitat. Similar results were measured for sites E1 and E2.
Treatments at E1 & E2 moved waterward an average of 2.76±0.56m and 2.65±0.60m,
respectively. This waterward advance resulted in net marsh area gains of 87.74m2 and
67.98m2, after accounting for their paired control landward retreat rates (Table 3).
Figure 10 summarizes elevation changes for specific sampling plots that were situated along
the seaward-landward gradient at sites D15, E1 and E2, and noting differences between the
treatment and control. Treatments and controls were not significantly different in elevation
gain/loss at the landward position (plot 4) of the treatment area, which is represented as the
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red box at the bottom of Figure 10. Similarly, at plot 1 which was waterward of the living
shoreline treatments, no differences in elevation change were statistically found at sites D15
and E1 (no control data were obtained for E2 in 2016, preventing a test there).
In contrast, within the treatment areas (plots 2 and 3), elevations generally increased from
2010 to 2016 in the three living shoreline cells (Fig. 10), and 2-way ANOVA tests of the
BACI method showed a significant effect (p<0.05) in 3 of the 6 plots (i.e. plots 2 and 3 at
D15, E1 and E2). There was a significant (p<0.05) interaction at plot 3 of D15 and plots 2
and 3 of E1, indicating that the change in elevation between the treatment and control
differed over time.
For instance, at plot 3 of site D15 (Fig. 10a), a net gain was measured at the treatment
(mean=0.05m) whereas the corresponding plot 3 control lost elevation (mean=0.16m). Plot
2 of site D15 lost elevation of a similar magnitude at both the treatment (mean=0.13m) and
control (mean=0.09m), but this is explained because the waterward coir log (cusp 1) of D15
was lost after the initial two years (2011) (see above).
At plots 2 and 3 of site E1, there were significant interactive effects of location and year on
elevation change (Fig. 10b). The elevation increased in both plots within this treatment,
while remaining the same (plot 2) or declining (plot 3) in corresponding plots of the
controls, resulting in treatment elevations moving into the optimum growth range for S.
alterniflora at plot 2, and building elevation capital to promote resilience at plot 3 (Fig.
10b).
In the E2 treatment, elevation also increased in both plots 2 and 3, but the change in plot 3
of the control also increased in elevation and the 2-way ANOVA testing the treatment
versus the control was therefore not significant (Fig. 10c). Plots 1 and 2 of site E2 were
assessed for elevation in 2016, and no BACI statistical comparison could be completed for
those plots.
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Elevation Relative to MLLW-0.5 (-1.482m NAVD 88)

a. D15

Control

*
Treatment

b. E1

Control

Control

Treatment

*

Control

Treatment

Control

Treatment

*

Treatment

Control

Treatment

Control

Treatment

Control

Treatment

Treatment

Control

Treatment

Control

Treatment

Control

Treatment

c. E2

Control

Plot 1

Plot 2

Plot 3

Plot 4

Figure 10. Elevation change over time and across space within DELSI treatments D15, E1 and E2, and their
paired controls, with statistical outcomes from Before-After-Control-Impact (BACI) two-way ANOVA tests.
Elevation Relative to MLLW-0.5 (NAVD88) describes the vertical position in reference to one-half meter below
MLLW, as obtained from the Fortescue, New Jersey, datum of the NOAA Tides and Currents website. Each row
(a, b, and c) refers to a site. Each column summarizes data from one of the four plots positioned along transects
oriented perpendicular to the shoreline and which represent different tidal zones and positions within the living
shoreline treatment, as depicted at the bottom by plots 1 to 4: plot 1 was waterward of the lower extent of the
living shoreline treatment; plot 2 was between front and rear log cusps; plot 3 was between the rear log cusp and
the preexisting vegetated marsh edge; plot 4 was situated on the pre-existing marsh platform. Plot positions in
controls were at identical elevations to those in treatments at the time of installation in 2010. “*” indicates
significant effects of the two-way ANOVA test (α=0.05).
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Faunal Usage Sites: D15, E1, and E2 (2011)
Faunal abundance was generally greater in
living shoreline treatments than paired controls
when assessed using minnow traps (Fig. 11a).
However, no differences between treatments
and controls were found when faunal counts
were assessed using box seines (Fig. 11b). The
most common species found were grass shrimp
(Palaemonetes vulgaris; sum=771 for all
treatments; sum=749 for all controls),
mummichogs (Fundulus heteroclitus;
sum=1592 for treatments, sum=558 for
controls), and American eels (Anguilla rostrate;
sum=22 for treatments; sum=29 for controls).
The greatest difference between treatments and
controls was at site D15 in minnow traps,
where 101 (SD±15) organisms were caught
within the treatment and 36 (SD±11) were
caught within the control. Minnow traps
deployed in front of the bulkhead next to site
Figure 11. Counts of fauna captured in minnow traps (a)
E2 yielded similar catches (61.5±30.5; Fig. 11)
and box seines (b) at the D15, E1 and E2 living shoreline
to those of the E2 control. Minnow traps at site
treatment sites and paired controls during summer, 2011.
E1 averaged 111.3 (SD±31.9) and 59.0
(SD±21.0) individuals at the treatment and control, respectively, with slightly higher
averages at E2 (176.3±58.7 in treatment; 101.5±20.0 in control; Fig. 11a). Average biomass
values in minnow traps were also higher in treatment relative to controls, but the magnitude
of the differences were generally less and the variability was greater (Table 3).
Seine data showed similar average catch counts between treatments and controls at each site
(Fig. 11b), but greater biomass was caught in seines deployed at the controls, with the
exception of site D15 (Table 3). Site E1 had the greatest average seine catches
(treatment=520, SE±232; control=488, SE±135), followed by E2 (treatment=270, SE±36;
control=282, SE±62), and D15 (treatment=192, SE±74; control=191, SE±28) (Fig. 11b).
In contrast to the similar seine caught faunal abundances between paired treatments and
controls, faunal biomass was greater in controls relative to treatments. The control for site
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Table 3. Biomass of fauna captured in minnow traps and box seines at living shoreline sites D15, E1 and
E2 during summer, 2011.

E2 had the greatest biomass recorded, followed by the E1 control, E1 treatment, E2
treatment, and the D15 treatment and control (Table 3). These differences can be attributed
to a small number of larger fish contributing equally to count data as smaller fish, but having
a greater impact on biomass. For example, larger fish such as eel, flounder, weakfish, and
bay anchovy were commonly caught at the control sites for treatments E1 and E2, skewing
the biomass data higher. Measurement of both faunal abundance and biomass was therefore
found to be helpful in describing and comparing the assemblage of motile organisms present
at living shoreline project sites and untreated shorelines.

Summary of DELSI Method
As a result of lessons learned from phases 1-3 of this project, and associated monitoring and
refinement, the following summarizes the optimal methodology for installing a DELSI biobased living shoreline. Every site is different, and every project has specific goals. This
method should be tailored to local physical, chemical and biological conditions and to
address the goals of implementers. The method summarized below assumes that the chosen
project site is low enough in energy to be amenable for a bio-based installation and that the
main goals are to stem erosion of salt marsh edge habitat via ecological enhancement and
stabilization. The method has been used to install numerous DELSI living shoreline cells at
other locations in Delaware and New Jersey, all of which are performing as expected to
date.
Prior to project design, an initial site characterization should be performed to identify key
physical characteristics to assist with selection of appropriate materials and their horizontal
and vertical placement. The site characterization should also inventory the functional
dominant vegetation and sessile fauna that can promote structural integrity and achieve
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other goals (e.g. water quality enhancement, habitat enhancement). With forethought on
future monitoring needs, these data collected during the initial site assessment can also be
useful for baseline monitoring.
Both pre-and post-installation monitoring is advised because most living shorelines will
eventually require some maintenance or adaptive management, and tracking changes in
structural integrity, position, and ecological succession can facilitate timely intervention to
avoid failure and guide suitable amendments. In projects installed by the authors, annual
monitoring in spring has been found is to be most useful because most damages occurred
from harsh winters rather than summer storms, and augmentation during spring allows for
maximum plant rooting and faunal colonization during the subsequent growing season.
The step-wise approach to designing and installing a DELSI-type bio-based living shoreline
is as follows:
1. Define key vertical (elevation) targets based on the local tidal datum and appropriate
hydroperiod for targeted biota: Select the desired target elevation that matches the
optimal growth range of the targeted plant and animal species. Since the growth
range of plants and animals varies by species and tidal amplitude, the target elevation
varies between microtidal and macrotidal locations. For example, smooth cordgrass,
Spartina alterniflora, may grow optimally at 10% of the tidal range below mean high
water, but the elevation that matches this need is at a greater absolute elevation in a
macrotidal marsh than a microtidal marsh. Similar, oysters, Crassostrea virginica,
can exist higher in the tidal zone in southern areas of the mid-Atlantic than in
northern areas. Local elevation data should be acquired using a high resolution in situ
survey of the treatment area. Tidal Datum data are derived from the NOAA tides and
currents website (https://tidesandcurrents.noaa.gov/stations.html?type=Datums).
2. Identify targeted horizontal positions for land/water interface within the treatment
and between the treatment and the surrounding area. The planned new marsh edge
should be positioned to mimic the sinuous contours of a natural shoreline (i.e., no
straight lines) and without being too ambitious in extending too far seaward beyond
the surrounding edge. As water moves laterally along the shoreline, straight edges
can encourage undercutting. The goal of lateral positioning is to enhance the marsh
area while blending in with the surrounding shoreline. Significant waterward
projections are likely to be vulnerable to erosion due to higher energy. Large
expansive cells that lack secondary stabilization within their interior are also more
vulnerable that more compact living shoreline treatments. If restoration goals call for
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longer and deeper living shorelines, consider phased additions of smaller cells over
multiple years.
3. Choose materials to achieve targeted horizontal and vertical, as well as biological,
benchmarks. For living shorelines that target plant/mussel assemblages, the
treatments should be placed in ways that enhance natural sedimentation so that
trapped sediments form terraces that match (or slightly exceed) the elevations (and
associated hydroperiods) needed by the targeted biota. The diameter of the coir logs,
height of shell bag stacks, and number of terraced decks can be varied to achieve
different target elevations. In cases where insufficient sediment supply supports
natural sediment trapping, fill can be added to achieve the same targeted terraces
(allowing for compaction/settlement). In all cases, the materials selected should be
selected to facilitate development of the proper conditions for the targeted biological
community. For example, if bivalve shellfish are a target, materials such as oyster
shell and oyster castles are proven settlement surfaces for oysters. Oyster shell bags
are also ideal for collecting mussel spat. If a plant community is targeted, the
configuration of placed materials should allow sediment capture but also some water
drainage.
4. Phase the timing of installation of physical and biological materials. The general
approach is to install the physical materials first and then wait until sufficient
sedimentation has occurred to achieve targeted benchmarks prior to planting of
vegetation or natural recruitment of sessile fauna. Typically, installation of physical
materials in late winter to early spring allows a few months for sedimentation to
occur prior to spring vegetation planting and early summer recruitment of bivalve
shellfish. However, tidal shorelines and tributaries vary widely in the types and
amounts of suspended sediments in the water column. In areas where the typical
concentration of total suspended solids (TSS) exceeds 20 mg L-1, there should be
ample sediment supply to allow for natural sedimentation processes to build terraces
to the targeted elevations in a few months, assuming that the material placement is
such that it encourages deposition. However, the pace of natural sedimentation can
vary widely, even in areas with very high TSS. In areas with little TSS, areas where
natural sedimentation is slow to occur, or for projects where installation needs to
occur within a short time window, placement of fill might be needed.
5. Installation of Materials (see methods section, Phase 2, for details). Coir matting is
first rolled over the treatment site wherever coir logs and oyster shell bags are to be
added. The matting provides a consistent base upon which other structural materials

34 December, 2017| Report No.17-12
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

will be added, and it protects against undercutting. Loose ends should be folded
under so that the matting extends no more than 10 cm beyond the footprint of
subsequent materials that are added on top. Logs are then positioned into 2 parallel
but arcing cusps, forming the front (waterward) and rear (landward) cusps of the cell.
These are tied end to end with coir twine, and then staked into place with wooden
stakes (preferably a hardwood such as oak), with at least 1 pair of stakes positioned
per meter of log length. Stake lengths (e.g., 1-2 m long) are chosen to provide the
firmest possible anchoring, but such that they can be pounded in without splitting.
Stakes are pre-drilled (~2 cm hole diameter) near the ends, and then pairs are tied
together with twine so that they overlap the top of the logs, and then they are
pounded in further to cinch twine over the logs. A contiguous line of oyster shell
bags is packed at the waterward toe of the front log for armoring, and additional
shellbags are packed around all log joints on both front and rear sides. Shell bags can
also be packed round the joints where logs end along the pre-existing marsh edge. In
higher energy areas and in areas where water is allowed to flood/drain, additional
shell bags can be added for stabilization, or as a surrogate for coir products. Oyster
castles and other materials may be suitable structural surrogates as well.
6. Planting of Vegetation (see methods section, Phase 2, for details). Once terraces of
natural sediment (or added fill) are formed that meet elevation targets for selected
vegetation, planting can occur. Planting is best performed at the beginning of the
growing season so that plants can mature and develop extensive root and rhizome
structures prior to the following winter. Plants can be purchased or locally salvaged
from foreshore areas of eroded marsh edges. Use of locally appropriate plant
genotypes and pre-conditioning to the salinity of the target site is recommended.
Smaller plant plugs can be directly inserted into coir logs if they have aged and are
sediment laden. Larger clumps can be inserted directly into terrace platforms, and
clustered planting has been found to promote better growth and survival compared to
systematic, equidistant (i.e. on-center) plant spacing.
7. Post-installation monitoring of structural integrity and position of materials. If a
DELSI installation is going to fail in terms of structural integrity, this typically
happens quickly. The exception is harsh winters when ice effects can cause diverse
problems. Therefore, monitoring of living shorelines should be robust early in their
development, which will help to identify and respond to any vulnerabilities. Annual
monitoring should be performed as soon as possible following winter, to gauge
whether any maintenance is needed prior to the growing season. The exception to
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this annual late winter timing is for projects where shellfish colonization is a top
goal, in which case late summer and fall monitoring can be useful to assess the
success of summer recruitment.
8.

Long-term monitoring of biological and physical trajectories. Ecological succession
in restored wetlands can take years to decades until maturity is fully established.
Since the condition and performance of living shorelines depends on both their
ecological as well as physical properties, long-term monitoring can help track
changes in the health of the biota and resilience of the ecological community. One of
the lessons learned in this study was that a living shoreline can perform superbly for
years while weathering Hurricane Sandy, only to become degraded by anomalous
winter icing. Without long-term monitoring and a plan for periodic maintenance, the
living shoreline could have become so degraded that it no longer stemmed erosion or
perhaps failed totally.

Discussion
The bio-based living shoreline tactic developed for mid-Atlantic salt marshes increased
vegetated marsh acreage and reversed erosion at multiple locations within the Maurice
River, New Jersey. All test sites were formerly eroding salt marsh edges. A Before-AfterControl-Indicator (BACI) statistical design was used, demonstrating that nearby untreated
shorelines (controls) continued to suffer net erosion during the 2010-2016 assessment
period. Assuming that erosion rates in the treated areas would have been similar to that of
controls if living shorelines had not been installed, then the net acreage change would have
been almost double. This is because the shorelines where the projects were installed gained
acreage instead of losing acreage. Often, wetland restoration projects are given credit for
the gain of acreage created/restored, but use of the BACI approach (paired controls) proved
to be instrumental in showing that the net gain of a living shoreline project can actually be
much higher than the obvious increase because it both stemmed a loss as well as created a
gain.
The tactic developed here was part of a much larger, long-term Delaware Estuary Living
Shoreline Initiative (DELSI) that includes regional planning, management and policy
assistance, outreach, ecosystem service studies, and research and development on other
tactics such as hybrids in higher energy locations. The bio-based method discussed here has
now been installed by our team and others in diverse salt marsh locations of Delaware and
New Jersey, and is commonly referred to as the “DELSI tactic.” As shown by outcomes
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from Phase 1 of this research, the DELSI method is bio-based and not resilient enough by
itself to persist in moderate to higher energy locations, such as near the mouth of the
Maurice River to Delaware Bay. However, when paired with other living shoreline tactics
such as wave attenuation sill structures, our other studies have found that it can be adapted
to be viable in higher energy locations.
Once installed, the DELSI method persisted with minimal intervention for the first four
years at the three main study sites (D15, E1, E2), resulting in waterward gain of marsh and
substantial net expansion of acreage when compared to changes that occurred at the
untreated, paired controls (Table 2). At site D15, the vegetated marsh edge was advanced
waterward an average of 3.8 m, whereas the untreated control receded landward by 3.6 m,
resulting in a net marsh gain of 174 m2 by 2016. The “net gain” is based on the assumption
that the treated shoreline would have continued to erode and lose acreage similar to the
untreated alternative, which was represented by monitoring of horizontal change along the
adjacent control shoreline. Similarly, at E1 and E2, the horizontal position of the vegetated
marsh was shifted waterward by 2.7 m during the 2010 to 2016 period, representing an
expansion of marsh area of 129 m2 across those two sites. In contrast, the marsh edge at
nearby untreated controls for E1 and E2 eroded landward at an average of 0.68 m per year.
These erosion rates within controls at D15, E1 and E2 typify erosion throughout the
Delaware Estuary, which has been losing approximately an acre per day since 1996, mainly
because of edge erosion (PDE 2012, 2017). The combination of this gain in area within the
treatments plus the presumed loss avoidance (deduced from controls) represented a "net
marsh gain” of 156 m2 at the E sites combined (Table 3).
Site D15 showed that the relative positioning of the installation materials and their
connection to the natural morphology of the surrounding marsh edge was important. During
the initial testing phase, materials that were successful in persisting and trapping sediment
though 2008 were connected to marsh edge at right angles and/or were connected to each
other. Materials placed directly along the marsh edge (parallel and against the shoreline)
exacerbated erosion, presumably by providing a place for water to become trapped and
churn. The churning may have enhanced erosion and allowed more water to enter the space
between the log and the marsh edge. In contrast, coir logs that were attached to the marsh
edge, but that extended out into the intertidal area, persisted without increasing the erosion
behind them. When attached to other logs, creating the DELSI cusp configuration, this
formation created the most stable configuration within which sediment could be trapped and
retained. Including oyster shell bags along the coir logs inside the cusps at juncture points
where logs attach also appeared to promote stability, and provided ramps for biota such as
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horseshoe crabs and blue crabs to escape during ebbing tides prior to terrace formation.
Importantly, site D15 was not maintained or augmented in any way following the initial
installation in 2009. Although the front log cusp (cusp 1) at site D15 did not persist beyond
year 2 after installation, the rear cusp (cusp 2) remained largely intact through 2016, trapped
sediment, and facilitated the lateral movement of the marsh into the treatment. The shell
bags along cusp 1 also generally persisted and became densely colonized with oysters and
ribbed mussels, likely providing some wave attenuation at middle tide stages, potentially
helping to protect the cusp 2 logs instead of the original cusp 1 logs that were lost. The
presence of this robust shellfish community in shell bags along cusp 1 was considered a core
reason why site D15 continued to stem erosion with no maintenance for at least 7 years
following installation.
Considering the stability of the cusp 1 shell bags at site D15 cusp, it was notable that
vegetation did not colonize the area between cusp 1 and cusp 2. This might have been due
to several factors, such as physical constraints from the more energetic environment, or due
to elevation deficiencies at that location. The physical refuge and elevation provided by
cusp 2 was likely slightly greater than that provided by just the shell bags at cusp 1. As
shown in Figure 10a, the vertical position between cusp 1 and 2 (plot 2) is below mean sea
level (MW), which was likely too low in the optimal growth range for S. alterniflora,
whereas plot 3 was at an appropriate elevation in 2010 for vegetation persistence.
Interestingly, these has been little vertical growth at plot 3 between 2010 and 2016,
indicating either a lack to below ground production and/or sediment retention. This location
is positioned low within the optimum growth range for S. alterniflora (MW-MHW), as has
been shown to be less then optimum for building elevation capital (Morris 2002).
Unlike site D15, sites E1 and E2 were augmented with new materials at times to maintain
the position and integrity of the treatments. Maintenance was performed adaptively in
response to results from annual monitoring. Over the 6-year period since cells E1 and E2
were installed in 2010, this maintenance consisted of an initial adjustment of elevation at E1
in the first year (2011) and addition of modest new materials along the front cusps of E1 and
E2 following severe winter ice scour in years 5 (2015) and 6 (2016). As a result, these living
shoreline cells were maintained at their original positions.
The initial maintenance at site E1 illustrated the importance of matching the elevation of
living shoreline terraces to the optimal growing range of the target vegetation (Fig. 4). Initial
growth at site E2 was fast, whereas vegetation planted at a seemingly similar elevation at
site E1 failed to grow and eventually disappeared. The initial plot 2 treatment elevation in
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2010 relative to MLLW-0.5m NAVD88 only differed by about 10 cm between site E1
(0.84m) and E2 (0.94m). In addition to the slightly lower initial placement, cell E1 was
constructed on top of very soft muds and the installed materials may have subsided into the
soft subsurface during the first few months after installation. The addition of a second log
tier and replanting compensated for the initial vegetation failure at E1 by providing
sufficient elevation augmentation to position the new terrace within the appropriate tidal
datum for vegetation growth. The log tier that was added consisted of 16” diameter logs
(40.65cm), bringing the total elevation after augmentation to ~1.35m (relative to MLLW0.5m). The initial difference in vegetation performance between cells E1 and E2 prior to
adding the second deck of logs was instructive in deducing the lower end of the optimum
growth range for S. alterniflora for this Maurice River location, which was approximately
1.3m relative to MLLW-0.5m NAVD88. Approximately 5cm below this elevation,
vegetation failed; whereas, vegetation planted approximately 5cm above this elevation
sustained vegetation growth.
Interestingly, the maintained living shorelines at sites E1 and E2 generally gained elevation
in the years following installation, demonstrating that bio-based living shorelines have the
potential to increase elevation in response to sea level rise; whereas, the living shoreline that
was not maintained (D15) did not gain elevation relative to baseline. This pattern is
evidenced by comparing the 2010 and 2016 elevations in monitored plots within living
shoreline treatments (i.e., plots 2 and 3 shown in Fig. 10a-c). For example, following the
2010 installation and 2011 augmentation of cell E1, the elevation at plot 3 was 1.54m
(relative to MLLW-0.5m NAVD88), but by 2016 the elevation was measured to be 2.03
(relative to MLLW-0.5m NAVD88), representing a net accretion of 49 cm unrelated to the
direct gain from placed living shoreline materials. During the same time, the elevation of
the corresponding plot 3 in the untreated control had lost elevation. This post-installation
gain in elevation at treatment cells, and the elevation loss in corresponding controls, was not
consistent at all plots per site. For example, elevation of the control for plot 2 of E1 and plot
3 of E2 also gained elevation, but in both cases this gain was not comparable to the treated
plots. Including both the elevation gain from installed materials and the post-installation
gain from accretion, the average 2016 elevation within E1 and E2 treatments was 1.77m,
which was deemed to be well within the optimal growth range for S. alterniflora. As studied
by Morris (2002), the optimal growth range for S. alterniflora differs with latitude and local
hydrology, and the optimal growth range deduced here is only appropriate for the studied
locations within the Maurice River, New Jersey.
The integrity of DELSI bio-based living shorelines, and pace of successional development
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following installation, was increased by using higher quality structural materials. Both
“premium” (i.e., densely packed) and “regular” coir logs were tested, and the premium
quality logs were found to be more durable. Heavier and larger sized oyster shell bags held
their position better than smaller and lighter oyster shell bags. Non-plastic shell bag
materials (e.g. sewn bags made from coir matting) rapidly decomposed, causing loss of
integrity of placed shell structures. Although an alternative to use of plastic netting is still
desired, over the 8-year study (2008-2016) we did not detect any substantial tearing or
breakdown of plastic shell bag netting and in places where shellfish heavily colonized the
bags they grew through and over the plastic, helping to encase the plastic netting material.
The pace of vegetation growth and rooting was also vastly enhanced by planting with more
robust sized clumps of locally salvaged plant material in comparison to small purchased
plugs of S. alterniflora. In most areas of the Delaware Estuary near salt marshes, varying
sized clumps of S. alternflora are readily available on the foreshore where they had become
detached by erosion and are no longer rooted. These clumps are easily salvaged and often
contain extensive root and rhizome structures, sometimes also colonized by ribbed mussels.
Salvaging and planting these clumps in freshly accumulated sediments within the living
shoreline cusps supported faster colonization by salt marsh flora and fauna than purchased
plugs alone. Although quantitative data were not collected, these observations are supported
by the current literature. For example, larger plants have been shown to more easily
transport oxygen to anoxic substrates, facilitating S. alterniflora production (Teal and
Kanwisher 1966; Gleason 1980). Bertness (1991) also found that rhizosphere oxidation
depends on the diameter of the plant stems and rhizomes. Another observation in this study
was that both salvaged clumps and purchased plugs survived and grew more effectively
when planted in tightly clustered arrangements rather than using equidistant spacing. This
observation is also supported by prior studies showing that plant density, especially in
anoxic substrates, is positively associated with enhanced biomass and survivorship (Silliman
et al. 2015). Hence, for the DELSI tactic, use of salvaged clumps placed in tight clustered
arrangements is recommended because the larger dense materials likely promote more
efficient oxygen delivery and likely also resilience to physical disturbance. Planting
salvaged plugs containing extant fauna (e.g. ribbed mussels) and microorganisms (e.g.
bacteria) also "seeds” the living shoreline treatment with an appropriate ecological
community to promote natural biogeochemical cycling and pelagic-benthic coupling
processes. This recommendation is also consistent with the stress gradient hypothesis
(Bertness and Calloway 1994), which suggests that positive interactions are more beneficial
in biologically/physically stressful environments such as salt marshes.
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Faunal colonization and use of the DELSI living shoreline treatments was not intensively
monitored. Contrary to initial expectations, the observed recruitment by sessile organisms
such as bivalve shellfish (e.g. oysters and ribbed mussels) was generally slow to develop
and inconsistent. Since the placed materials are known to be suitable settlement surfaces
and were placed at elevations know to support these species, inconsistent bivalve
recruitment may have resulted from insufficient larval availability, predation on spat, or
other ecological factors. Of note, bivalve densities and recruitment was also observed to be
very low in the untreated shoreline of paired controls, likely due to rapid erosion and
insufficient time to recruit and grow. Additional studies are in progress to monitor and
study the processes that govern shellfish colonization on living shorelines and to examine
whether shellfish recruitment can be enhanced in the DELSI method.
Use of DELSI treatments D15, E1 and E2 and their paired controls by motile fauna was
surveyed in 2011. Results from use of minnow traps and block seines suggested that nekton
abundance along the living shorelines was equal to or greater than along the adjacent
untreated shorelines. The only exception was that a small number larger fish (higher
biomass) were detected in untreated controls, which may suggest avoidance of the newly
installed living shorelines. Repeated monitoring of nekton use of the aged living shorelines
is warranted to discern whether this result was an artifact associated with early successional
development. On balance, the newly created habitat was deemed to be at least equal in
habitat value to that of the surrounding natural shoreline.
Bio-based living shorelines such as the DELSI tactic should be expected to require some
periodic maintenance to sustain their greatest ecological potential and durability. They are
comparable to gardens that should be tended and adaptively managed, guided by at least an
annual monitoring check-up. This finding is supported by the different outcomes observed
between the non-maintained (D15) and maintained (E1, E2) treatments. Although the
original treated shoreline position was still held at site D15 after 7 years (2009-2016), this
was mainly due to the protection and stabilization provided by the remaining shell bags
along the waterward front cusp, which became densely colonized by oysters and ribbed
mussels. Compared to immediate post-installation conditions when the front cusp of site
D15 contained coir logs with shell bags, the vertical relief in 2016 was lower and the interior
areas of the D15 treatment (plots 2 and 3) did not continue to gain elevation between 2010
and 2016 (Fig. 10a) like they did in the maintained treatments of cells E1 and E2 (Fig. 10bc). In response, the 2016 vegetation canopy at sites E1 and E2 appeared much more robust
than at D15.
The scale of intervention invested to maintain sites E1 and E2 was modest, beginning only 4
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years after installation (Table 1). Costs of installation and maintenance of the DELSI
treatments are still being assessed and are not presented here, however the total costs were
likely much lower than the costs to maintain the shoreline of the nearby bulkhead for the
same 6-year period. Damages from Hurricane Sandy necessitated remediation of the
adjacent hardened infrastructure (and demolition of damaged buildings landward of the
bulkhead), which was exposed to the same physical conditions. In contrast, no maintenance
of living shorelines at E1 and E2 was needed following Hurricanes Irene (2011) and Sandy
(2012) (and demolition of crab shedding structures landward of E1 was not needed).
Additionally, some of the augmentation of site E2 was not a result of degradation but rather
an adaptive response to stabilize natural successional processes. Intertidal areas of salt
marshes contain extensive drainage networks which are vital for ecological health and
resiliency. At site E1, the formation of small drainage creeks after 4 years was therefore
considered a natural process, and new materials were added in a manner to facilitate this
hydrological connectivity rather than to block it. At site E2, creek formation was largely
driven by the seasonal outfall from small discharge pipes from blue crab shedding barns
situated just landward of the living shoreline. Working with the marina owner, the 4
discharge pipes were combined into 2, and augmentation in 2014 consisted of stabilizing the
two seasonal creeks with shell bags and coir materials. The two former creeks received
materials to close the scour areas, allowing them to gradually fill in.
In addition to addressing small creek formation in 2014, both E1 and E2 cells were
augmented in spring 2015 and spring 2016 as a result of ice scouring from two severe
winters. Both cells were damaged mainly along their front, waterward cusps. Out of the
total living shoreline length of approximately 30.48m per cell, the front cusp of site E1 was
damaged by the winter of 2014-2015 along 14.63m and the front cusp of site E2 was
damaged along 10.97m length. Following the winter of 2015-2016, site E1 required no
repairs, but repairs were need at site E2 to restore a 7.32m reach, which was a subsection of
the same area repaired the year before. Instead of replacing coir logs at this subsection (for
the third time), oyster shell bags were substituted for the logs, resulting in similar rapid
sedimentation and stabilization (Fig. 9b). Although the costs associated with these two postwinter repairs were modest, and such severe winters are uncommon, this result suggests that
the DELSI bio-based tactic may be more vulnerable to the effects of winter icing than
summer tropical storms. Hurricanes Irene and Sandy were regarded as some of the most
damaging coastal storms in the mid-Atlantic in the previous 50 years. Bio-based living
shorelines might be more resilient to tropical systems than winter icing because tropical
storms occur during or just after the peak growing season. In all cases, however, the long-
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term durability and maintenance costs associated with living shorelines needs more analysis.
The pairing of bio-based living shorelines with more resilient structures in “hybrid” designs
should be examined to potentially address vulnerabilities such as related to ice scour.

Conclusions
Bio-based living shorelines can be designed and implemented to help stem erosion and
ecological degradation of mid-Atlantic salt marshes in suitable, low energy areas such as
within tributary systems with <0.25 km fetch. In higher energy locations with larger waves
from wind and boat wakes, bio-based living shorelines are not appropriate unless paired
with other tactics to attenuate wave energy. Every location has unique physical, chemical
and biological conditions, and bio-based living shorelines should be tailor-designed to
maximize the robustness of functional dominant plants and animals that impart structural
and functional stability. Primary physical factors to consider include slope, intertidal
elevation relative to local tidal prisms, geotechnical firmness, wave and current energy, and
resulting erosion patterns. Chemical drivers include salinity and potentially nutrient
concentrations. Biological factors are myriad, but one key is to understand the optimal
growth ranges of the targeted vegetation in relation to elevation and the local hydroperiod.
If local ecological datasets are available, these can be consulted to ensure that biological
tolerances of the targeted biota are not exceeded; e.g., plant growth ranges for this study
were ascertained from data from the Mid-Atlantic Coastal Wetland Assessment (e.g., Haaf
et al. 2015; Kreeger and Padeletti, 2013). Hence, the placement of installation materials
should consider both the engineering specifications (e.g. substrates, slope, wave
environment) and needs of the ecological communities.
Bio-based living shorelines differ from traditional, hard stabilization tactics because they
typically require prolonged monitoring, adaptive management, and periodic maintenance to
sustain their greatest ecological and stabilization benefits. In contrast, hard infrastructure is
typically more expensive initially but requires less maintenance until failure, which can
sometimes be catastrophic. Long-term research is needed to fairly compare the decadal
scale costs and benefits of living shorelines versus traditional tactics, but emerging literature
clearly indicates that living shorelines support richer and more functional ecological
outcomes. Fish and crab abundance in our DELSI treatments was greater than at a nearby
bulkhead and was the same or better than naturally eroding shorelines. Colonization by
bivalve shellfish in DELSI treatments was less than expected, but appeared to be at least as
much as in untreated shorelines nearby where rapid erosion precludes establishment of a
normally dense ribbed mussel assemblage along the edge.
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Importantly, the bio-based living shoreline treatments presented here were able to persist
(with modest intervention) over a long time frame (6-7 years) and build key ecological
features, such as elevation capital, while maintaining a position waterward of the natural
surrounding marsh edge. Moreover, a BACI comparison revealed that the nearby untreated
shoreline continued to erode at >0.5 m per year. The net effects of the living shorelines can
therefore be gauged as the sum of the area restored within the living shoreline treatments as
well as the area that would have been lost had no intervention occurred. Considering both
the extent of our living shoreline footprint and the area of erosion that would have occurred
during the 6-7 year time period of this study, the net change associated with the living
shoreline treatments was approximately double the actual treatment size.
Sustained monitoring and use of a scientific framework was vital for understanding the net
benefits and adaptively managing the bio-based living shorelines tested in this study. The
quality, durability and ecological benefits of a living shoreline include both the sum of its
structural components as well as the functionality of the biological components, which will
evolve and mature over time.
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