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Executive Summary
Natural lands that are situated along estuarine coasts serve as natural buffers at the nexus between the land and
the sea. Of these, tidal marshes are some of the most productive habitats in the system, performing many vital
services, especially in the wetland-rich Delaware Estuary. Many of the benefits conveyed by tidal marshes
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. Unfortunately, tidal marshes continue to
be degraded. Between 1996 and 2006, estimated losses averaged one acre per day, and these losses are
expected to increase and accelerate with climate change and sea-level rise. Many strategies are currently being
employed, including living shorelines and marsh platform enhancement/alteration, with the aim to develop
long term sustainability of marshes. But to engage in intervention practices, information regarding the current
marsh state, it history, and trajectories is required.
Marsh Futures is a methodology for evaluating site-specific marsh vulnerabilities that can guide future
monitoring and appropriate intervention tactics. The method consists of a two-tiered desk-top and field-based
approach, integrating current data regarding site-specific elevation within the local tidal datum with vegetative
health and substrate condition metrics. These data are subsequently evaluated within a spatial and/or historical
context to provide information regarding the relative vulnerability trajectories of marshes. Analysis results
allow for the recommendation of potential intervention tactics (i.e. direct-intervention, further targeted
monitoring, or no action) to address site-specific vulnerabilities.
Two marshes of interest (MOI) were selected for Marsh Futures analysis due to their importance to the local
communities: an interior marsh in the Cox Hall WMA in Lower Township, NJ (Lower Township), and a
barrier marsh in a residential community in Strathmere, NJ, Upper Township (Upper Township). Historical
aerial photography was collected for each site, and in situ elevation and feature-based (vegetation community,
infrastructure, denuded areas, ponds, creeks) surveys were conducted using high resolution RTK-GPS. The
elevation data were used to delineate the site into elevation-based vulnerability zones relative to their positions
within the local tidal datum. These zones were integrated with vegetation community cover data to stratify
each MOI by vegetation type per elevation-based vulnerability zone. Vegetation health assessment and
substrate analysis was conducted in each strata, and these data were used to adjust the elevation-based
vulnerability score into an integrated physical/biological final vulnerability score per strata across each MOI.
Finally, these results were interpreted within the context of developmental trajectories discerned from
historical aerial imagery collected for each MOI.
Lower Township received a final vulnerability rating between Mid and High, largely confined to the interior of
the site. This MOI was the site of mitigation efforts in 2012, and has been in the process of recovery since.
The elevation across the MOI was appropriate for healthy salt marsh vegetation, and the vegetative community
that was present seemed to be developing at an acceptable rate. Some interior areas were denuded and were
retaining water. Intra-marsh drainage creek development appeared to be occurring, but as of the time of the
field survey, was not developed to an appropriate degree. The areas of Mid-level vulnerability were the highly
vegetated, well drained areas, while the high vulnerability areas were in the central regions of the marsh, and
were characterized by little to no vegetation, and softer, water-logged sediments. Historical imagery showed
that since the mitigation effort, vegetation was in the process of becoming established within the marsh
interior. These observations were confirmed by neighbors of the marsh that reported increasing vegetation
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cover over time. Additionally, substrate firmness was observed to increase in areas with higher vegetation
cover, and that areas identified as formerly denuded from historical imagery, scored well in regards to both
vegetation cover and substrate firmness. These results suggested that the marsh interior may currently be in a
state of recovery with a positive trajectory. Continued monitoring of targeted physical and biological features
is recommended. Physical features include the elevation profiles across the MOI as well as the development of
drainage paths. Biological features include the changes in vegetation robustness in the low density and
denuded internal areas, as well as sediment firmness where water logging appeared to be occurring.
Additionally, restoring the original tidal flow to the site via culvert remediation is recommended to allow for
natural inundation and sediment transport processes.
Upper Township received a final vulnerability rating between Mid and Low. No major feature changes were
present in the historical imagery, and the marsh appeared to be stable over the last decade. The elevation across
the MOI was optimal for a robust and diverse salt marsh vegetation community. The community present at the
time of the survey contained high and low marsh species present in appropriate locations with no major signs
of transition zone development. The lowest vulnerability scores were on the high marsh platform, and scores
gradually declined moving toward the intra-marsh drainage creek. No areas raised immediate concerns
regarding vulnerability, although it will be important to monitor the areas bordering the creek for future signs
of impairment. Concern did arise regarding the lack of transgression space. As this marsh has no upland area
in which to migrate, maintenance of the proper elevation within the local tidal prim will be important for
persistence. Additionally, a living shoreline is planned for installation along the waterward margin of the
main channel. As the marsh was currently healthy and robust, it will be important for the living shoreline to
not impede any vital processes for continued marsh development such as drainage and sediment transport
pathways. Continued monitoring of targeted physical and biological features is recommended to track
development of the marsh and potential impacts of the living shoreline. Physical features include the elevation
profiles and drainage paths across the MOI. Biological features include vegetation robustness and sediment
firmness, as changes in either can be indicative of changing marsh health and sustainability.
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Introduction
Natural lands that are situated along estuarine coasts serve as natural buffers at the nexus between the land and
the sea. These coastal habitats include beaches, marshes, shellfish reefs, submerged beds of aquatic vegetation,
and forested swamps. Of these, tidal marshes are some of the most productive habitats, performing many vital
services, especially in wetland-rich New Jersey, including: protection from tidal and storm damage (Gedan et
al. 2011; Shepard et al. 2011; Temmerman et al. 2013); water storage (Nuttle et al. 1990); habitat for a wide
variety of wildlife, including waterfowl (Madsen 1995); shellfish filtration capacity to help sustain water
quality (McKinney et al. 2001; Grabowski and Peterson 2007); carbon sequestration (Chmura et al. 2003);
spawning and nursery habitat for commercial fisheries (Hettler 1989); active and passive recreation; and
aesthetic value.
Many of these benefits conveyed by tidal marshes were affected by Hurricane Sandy, which caused
tremendous damage to both built and natural infrastructure in the upper mid-Atlantic region in late October,
2012. For example, developments that were situated landward of coastal marshes appeared to suffer less
damage than developments that were directly exposed to open water. Thousands of tons of marine debris and
pollutants collected in these marshes, sparing other vital habitats and developments from the associated
impacts. Although these protective benefits have yet to be quantitatively substantiated with scientific analyses
regarding Hurricane Sandy, the value of coastal wetlands for hurricane protection have been verified (Costanza
et al. 2005).

Status and Trends of the New Jersey’s Salt
Marshes
Unfortunately, tidal marshes continue to be degraded and lost in the Delaware Estuary and vicinity at an
alarming rate, approximately one acre per day between 1996 and 2006 (PDE 2012). These losses are expected
to increase and accelerate with climate change and sea-level rise (PDE 2010). Rising seas and other systemic
alterations will result in the increase of tidal inundation along coastal areas. Shifts in habitat types as tidal
wetlands encroach into non-tidal wetlands and forests will occur. However, this natural migration, or
transgression, is impeded in many areas by anthropogenic interference such as development and attempts to
secure fixed coastlines. Furthermore, erosion is highly prevalent along waterward margins of unprotected tidal
wetlands. Taken together, edge loss and restricted landward gain will lead to substantial net loss of coastal
wetland acreage currently and into the future.
A conservative analysis of projected future acreage changes (PDE, 2010) indicated that approximately twothirds of the current tidal wetland acres in the Delaware Estuary will be lost at the seaward edge by 2100,
which will be partially offset by a landward gain of approximately one-third of the current acreage (about
140,000 acres in 2006). The net loss to open water was predicted to be more than 40,000 acres (PDE, 2010).
To offset these losses and sustain core ecosystem services, a recent analysis calculated the cost of wetland
protection and restoration in the Delaware Estuary alone to be between $10 and $24 billion (Kassakian et al.
2017), and the authors noted that the cost of averting losses would be far lower than the cost of restoring
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acreage once the wetlands have been lost.
Since this report was released, new, higher, projections for sea level rise suggest that this earlier marsh change
analysis underestimated the likely loss of coastal wetlands in this system. Emerging literature suggests that
many types of salt marshes, especially those with micro-tidal inundation conditions such as Barnegat Bay, are
vulnerable to open water conversion under high rates of sea level rise, especially if exhibiting high rates of
sediment export (Stralberg et al. 2011; Ganju et al. 2015; Ganju et al. 2017). This may represent a tipping point
for marshes prior to mid-century (Fig. 1).

Figure 1. Projected future changes in sea level at different carbon emission scenarios (envelopes), with
notes on expected rates of sea level rise in the Delaware Estuary and consequences for micro-tidal salt
marshes.

Considering changes in key physical drivers (sea level, precipitation, temperature, salinity), many strategies are
currently being employed with the aim to enhance long term sustainability of marshes. The goal of these
practices is to protect and enhance tidal wetlands in ways that maximize net sustainable healthy acreage in the
future and promote marsh resiliency. In many cases, these enhancements may need to be repeated or
augmented periodically, in the same way that dunes and beaches need to be replenished.
Typically, tidal marsh enhancements are grouped as follows:

Wetland Loss Avoidance via Impact Minimization
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These efforts seek to sustain tidal wetlands in areas where they currently exist by reducing stressors that
contribute to wetland degradation and loss. This tactic includes a diverse array of management and protection
measures, such as pollutant minimization, sediment supply maintenance/balance, and access restriction.
Dredging and boat wakes can be stressors if they alter sediment supply or exacerbate current and wave
energies. Colonization by invasive species can act as an important stressor. Another emerging factor that may
represent a stressor is increased nutrient enrichment, which might impair a marsh’s ability to build
belowground biomass and keep pace with sea level rise. This tactic also includes the enforcement of wetland
protection policies to ensure that they are not developed or altered.
Wetland Enhancement via Hydrological Repair
These restoration tactics typically seek to remove or reduce the negative impacts of specific hydrological
stressors, such as by restoring tidal flushing to areas that have been separated from tidal connectivity, or
plugging excessive ditches that may be contributing to marsh erosion. The natural hydrology (tidal flushing)
of tidal marshes has been heavily managed and manipulated for diverse reasons, such as to decrease
drainage/flushing for salt hay farming, increase fish access via ditch creation to control mosquitoes, and to
reduce tidal flooding. These manipulations include a variety of levees, dikes, roads, tide gate restrictions, and
excavation. As a consequence, many marshes have not received their estuarine or riverine sediment subsidy,
or are otherwise over or under flushed by typical tidal ranges and frequencies.
Wetland Enhancement via Elevation Repair
These tactics boost elevations of low-sitting marshes to match the optimal plant needs, and can lead to
increased production while also prolonging the amount of time until drowning. This approach therefore seeks
to maximize the “elevation capital” of the marsh (resilience to drowning). Productive vascular plants that
contribute to peat formation and accumulation are the foundation of emergent marshes. The productivity of
these plants varies widely depending on their elevation within the tidal prism. Each dominant marsh species
has an optimal growth range, which is typically between local mean sea level and mean higher high water.
Compromised marshes that are not keeping pace with sea level rise (or that have been starved of external
sediment supplies) typically are dominated by plant communities that are sitting at suboptimal (low) elevations
within their growth range.
Wetland Enhancement via Shoreline Stabilization
Living shorelines are an example of erosion control tactics that seek to stem the landward retreat of tidal
marshes while also enhancing the resilience and ecological health along the seaward edge. Living shorelines
are not natural shoreline restorations, they are engineered structures that work to enhance the natural ecological
features such as plants and shellfish that impart the greatest resilience and resist erosive forces. There is a
diverse array of living shoreline methods, ranging from biological-based designs suitable for mainly low
energy locations to complex hybrid designs that are suitable in high energy areas.
Tidal marshes are valued and managed for many different reasons (see above). Therefore, it is vital that the
purpose and goals of any wetland protection or enhancement project be identified and defined before selecting
tactics, as the different tactics focus on specific goals. For example, stances on invasive species control (e.g.
Phragmites eradication) may differ depending on whether a project’s goal is to enhance a marsh’s fish and
wildlife habitat value (eradicate) versus to protect a coastal community from flooding (stabilize). It is also
important to consider the local site conditions in tactic selection; every location has unique physical, chemical
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and biological parameters that affect the viability of different tactics.
An exhaustive review of all types of tidal wetland protection and enhancement tactics is beyond the scope of
this report. Below is a brief summary of some of the types of enhancement tactics that are currently being
considered or implemented in New Jersey.

Emerging Tactics to Stem Losses of Salt Marshes
in the New Jersey
Due to the current and accelerating loss of coastal wetlands, proactive restoration and management tactics that
facilitate horizontal, waterward migration or vertical accretion of tidal wetlands are expected to become
increasingly important to sustain these critical coastal habitats. Since resources to stave off wetland losses are
limited, it will also be important to develop and apply strategic planning tools to ensure that investments target
places of greatest importance and are well matched to local site conditions to strengthen success.

Bio-Based Living Shorelines
Bio-based living shoreline options can include a variety of strategies that utilize soft (e.g. minimally reflective)
materials paired with indigenous vegetation to create energy-absorbing buffers along compromised shorelines.
Recycled coconut fiber logs, also known as coir logs or biologs, have been used locally to stabilize marsh
shorelines of interest in tandem with the local vegetation and shellfish communities (Fig. 2). These
biodegradable logs come in a variety of sizes and grades for different applications. In tidal marsh applications,
they must be aggressively staked into place to prevent them from being lifted and moved by tidal currents and
wave action. In soft substrates, they may need to be placed on fiber mats to prevent sinking. Fiber logs are
particularly useful to create low energy areas protected from waves where suspended sediments can
precipitate. Fiber logs should be installed in early spring to maximize growth-time availability.
PDE has worked with the Rutgers University Haskins Shellfish Laboratory since 2007 to develop, test and
implement bio-based living shorelines that are comprised of fiber logs, paired with a variety of other natural
materials (Fig. 2; PDE, 2011). These research and development efforts have been a key element of the
Delaware Estuary Living Shoreline Initiative (DELSI), and the fiber log approach has also been coined the
“DELSI Method,” although the program is now additionally testing a variety of other tactics. This success of
the fiber log approach depends on many site-specific physical and biological features, such as elevation,
energy, slope, salinity, and sediment availability. A key variable is targeting the appropriate final elevation to
facilitate rapid production and rooting of the plants to stabilize the integrity of the fiber logs before the logs
decay. Sites with low sediment availability (i.e., low suspended sediments in the water column) may require
too much time to naturally trap sediments and may need to be backfilled so that planting can commence.
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Figure 2 Time-series photos of two bio-based living shorelines installed by the Partnership for the Delaware Estuary. The Money Island, NJ living
shoreline was designed (a) and installed (b) in 3/2014 and 5/2014 respectively. As of 5/2016 (c), the living shoreline is in tact and being monitored. The
Matt’s Landing living shoreline was designed (d) and installed (e) in 4/2010 and 5/2010 respectively. It survived hurricane Irene, tropical storm Lee and
super storm Sandy within its first two years of installation. Today (f, 9/2016), it is still providing prote ction to the Anchor Marina, Heislerville, NJ and
habitat for a variety of juvenile finfish, crabs, small mammals and birds.

Fiber logs decay generally in five years or less. The quality of the logs (standard versus premium) is important,
and only the highest quality logs (highest packing density) are recommended for tidal conditions. The
placement of the logs is also crucial to alleviate excessive rocking or buffeting; for example, they should never
be placed directly parallel and against an undercut bank. Even when premium logs are installed in correct
arrangements, decay can still occur and so logs should be inspected regularly. An adaptive management
contingency fund should be maintained in case some logs need to be replaced prior to site maturation.
Armoring the front of fiber logs with bags of oyster or clam shell, as demonstrated by the PDE/Rutgers DELSI
tactic, can greatly increase log survival, while also potentially attracting shellfish settlement that provide longterm armoring. To date, PDE has installed 15 bio-based living shoreline cells at eight sites across Delaware
and New Jersey, totaling 1,159 feet.

"Hybrid" Living Shorelines
Hybrid living shorelines describe the pairing of softer, bio-based, tactics with more hardened, structural
elements to attenuate various types of aquatic forcing (currents, waves, shear-stress, etc...) in areas of higher
energy (Fig. 3). The "hybrid" distinction is not ubiquitous across regions, and many practitioners consider
these types of tactics “basic” living shorelines. The hybrid distinction has been used in the Delaware Estuary
where the practitioner community has decided to differentiate between tactics that utilize a variety of mat erial
types versus only softer, coir log and plant materials. Locally, hybrid living shorelines can include tactics such
as: marsh toe revetments; marsh sills; marsh groins; and bio-based designs with nearshore, or offshore,
breakwater systems.
Hybrid types of living shorelines consist of mixtures of tactics that are tailored to the unique physical and
biological conditions of a site. Often, hybrid designs target ecologically harmonious, synergistic communities
of organisms, such as nearshore oyster reefs to attenuate wave energy paired with bio-based tactics to
strengthen the integrity of the beach or marsh edge. A mosaic of healthy coastal habitat types may be more
resilient than single habitats because of mutualistic or synergistic benefits. Properly designed, hybrid projects
can minimize disruption to tidal exchange while also enhancing sediment capture.
Regionally, a commonly explored hybrid living shoreline type is the paired bio-based and breakwater
configuration (Fig. 3). A breakwater system is a series of freestanding structures strategically positioned in
low intertidal or shallow subtidal areas to dampen incoming erosive waves and currents. Breakwaters are
similar to sills, but they extend above the mean low water line and often high into the intertidal zone for wave
attenuation. Breakwaters can also help to stabilize sediments and encourage natural sedimentation, similar to
sills. Often, the elevations are raised enough to allow vascular plants or other aquatic vegetation to be pla nted
in the quiescent areas landward of the structures. Some tactics encourage the creation of a stable beach profile
with embayments.
Even though they tend to be larger and costlier projects, breakwater systems can be paired with other living
shoreline approaches in areas where erosive energy is problematic due to high energy currents and larger
waves associated with wide fetch. Breakwaters should be segmented to encourage free movements of aquatic
organisms. Depending on the width of the windows, the resulting living shoreline habitats landward of the
breakwater can form a habitat mosaic that includes sand beaches, marshes, submerged aquatic vegetation, and
calcareous reefs. Non-vegetated beach areas can be encouraged by breakwater systems, providing habitat for
terrestrial and aquatic wildlife, including shorebirds, turtles, terrapins, and the northeastern beach tiger beetle.
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Oysters, mussels, algae, and other reef-dwelling organisms may colonize shallow water areas. PDE has
experimented with the installation of hybrid breakwtaer/bio-based designs at two locations: Mispillion Harbor
in 2014 and Nantuxent Creek mouth in 2016. Both sites are still actively monitored to this day (Fig. 3).

Figure 3. Two hybrid living shorelines installed by the Partnership for the Delaware
Estuary. Hybrid living shorelines pair a bio-based tactic along the marsh edge with offshore wave attenuation structures, like oyster castles shown in these pictures. The
Mispillion hybrid living shoreline near Milford, DE (a & b) was installed in 6/2014 with
the goal of expanding the nearby intertidal oyster reef. To date, the structures have
recruited over 25,000 oysters. The Nantuxent hybrid living shoreline in Money Island ,
NJ (c) was installed in 4/2016 with the goal of stemming the erosion along the marsh
edge. Both are currently being monitored.
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Marsh Platform Augmentation
In cases where marsh vulnerability to sea level
rise can be specifically linked to sediment or
other elevation deficits, restoration
professionals may consider a variety of tactics
designed to alleviate the sediment or elevation
shortfall by managing or augmenting the
marsh’s net surface accretion. The first step
should be to examine whether the sediment
deficit arise from local management practices,
such as tidal restrictions, that has reduced the
natural sediment supply. In these cases, tactics
aimed at reversing sediment bottlenecks can be
employed to minimize direct marsh disturbance
and resolve the underlying issue limiting marsh
resilience. Unnatural energy and erosion forces
such as those from boat wakes may also affect
sediment capture. In those cases, creating “no
wake” zones or near shore wave attenuation
structures might be strategically positioned to
create quiescent conditions that are conducive
to marsh platform sedimentation.

Figure 4. Thin-layer spraying of dredged fine sediments
onto a low-sitting salt marsh at Peppers Creek, Delaware
Inland Bays. Credit: PDE, October, 2013.

Restoration professionals may also address sediment deficits in tidal marshes through active sediment
placement, typically sourced from nearby channel dredging. Dredged materials can be sprayed as a slurry
across a marsh platform (Fig. 4), a technique which has been used for more than 40 years, especially along the
U.S. Gulf coast. Also known as beneficial use/reuse or thin layer placement (TLP), this practice has shown
success in ameliorating signs of degradation likely due to insufficient sediment loads. However, it is important
to first estimate the impact on the targeted wetland by sediment additions because of the very narrow range of
elevations that govern plant productivity and marsh health. Too much sediment addition could smother fauna
and flora, or compress the marsh platform, inadvertently reducing elevation. Containment of sprayed material
during dewatering may be another challenge depending on subtle differences in slope and hydrology.
TLP is a direct intervention tactic, which requires an in depth understanding of the processes being
manipulated by it. This tactic also does not resolve all of the underlying problems which might cause elevation
deficits or reduced sediment subsidies (i.e. land use, dams, deep subsidence), so TLP may only decrease
vulnerabilities to sea level rise over abbreviated periods of time. Much like beach sand replenishment, the
repeated application of the fine sediments onto sediment-starved marshes might be justified by the return on
investment (ROI) from sustained ecosystem services. TLP is just recently being actively co nsidered an
intervention tactic in New Jersey marshes and many gaps in knowledge still exist; most of these gaps will
likely be addressed through intensive long term monitoring of current projects and by future scientific
experimentation.
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The Marsh Futures Approach
Marsh Futures is a methodology for assessing current site-specific marsh vulnerabilities, evaluated within a
spatial and/or temporal context, to guide management decisions regarding tactical intervention and future
monitoring efforts. As marsh stability is a complex process involving many bio-physical feedback
mechanisms, data regarding vertical positioning within the local tidal datum, edge erosional processes, and the
current state of biological health are needed to assess the current vulnerability potential. There are a variety of
tactics that might yield benefits to coastal wetlands if properly matched to local vulnerabilities, however
mismatches could be counterproductive for marsh condition. Actions considered as outcomes of the Marsh
Futures methodology include: no action for stable, healthy marshes; continued monitoring of key indicator
metrics for marshes that appear to be on trajectories to stability, or marshes exhibiting qualities near thresholds
of concern; or direct intervention. Interventions can target: the marsh edge via shoreline stabilization (e.g.
living shorelines); the marsh edge via restoration (e.g., living shorelines possibly with beneficial use of
dredged sands); the marsh platform via elevation augmentation (e.g. thin-layer application of dredged fine
material); or the marsh edge or platform via hydrologic enhancement (e.g., ditch plugging). Marsh Futures
consists of a four-step desktop (e.g. GIS and modeling) and field-based approach:
1.

Conduct high resolution RTK-GPS survey to model elevations and delineate features, including
vegetation communities, intra-marsh creeks, and physical boundaries

2.

Use GIS desktop analysis to stratify marsh zones, integrating the spatial positions of vegetation
communities across the local tidal datum

3.

Assess current site-specific vegetative health and physical conditions in each marsh zone using fieldbased methods

4.

Integrate the current vegetative health with the elevation (vertical)-based vulnerability in each marsh
zone to identify anomalies relative to available spatial and/or temporal data sets to determine relative
site-specific vulnerabilities and/or site-specific trajectories

Through this process, Marsh Futures is able to integrate current physical elevation and biological condition
data, contextualized against a reference data set, to provide information regarding the relative vulnerability
trajectories of marshes. These results allow for the assessment of potential intervention tactics that could
address site-specific vulnerabilities. Marsh futures is not a one-size fits all methodology, but a strategy that
allows for the integration of a variety of reference data sets and modeling techniques with rapidly assessed sitespecific data to identify appropriate responses to current marsh trajectories. The following sections describe
the general step-wise Marsh Futures approach. Methods specific to the mashes evaluated under this grant are
discussed in the Methods and Data Processing Results section below.

Marshes of Interest (MOIs)
Marsh Futures begins by identifying tidal marsh tracts that are deemed by local communities or managers as
being important to sustain, referred to here as Marshes of Interest (MOIs). It is generally accepted that marsh
loss will be extensive, funds to stem the losses will be limited, and therefore, “strategic retreat”, or landward
habitat conversion, will be the only option for many areas. Marsh Futures addresses actions that can be taken
in those areas where there is broad agreement for the importance and preservation of the tract based on input
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from coastal communities and/or coastal resource managers.

Reference Data
Reference data are an important and useful part of a science driven approach to assessing marsh vulnerability.
Such data provide the backdrop for understanding site specific long term trajectories, responses to impacts, and
designing intervention goals based on real local data that are congruent with MOI assessments (like Marsh
Futures). Reference data can be used to gauge the efficacy of within site controls and help tease apart marsh
responses to particular tactics. Reference datasets can be spatial, temporal, or both, and can be temporally in
situ (historical) or concurrent but ex situ (tied into local reference networks).
It is important to identify appropriate reference data for an MOI, as the availability of specific types of
reference data may influence the in situ data collection targets. For example, if there are appropriate reference
marshes in which data regarding vegetation robustness, substrate firmness, and shellfish communities has been
collected, site-specific marsh futures data will be compared to these data sets across space. The in situ data
described in step 3 in the preceding section will be the primary target data and the basis for comparison among
sites using comparative statistical methods. Marsh vulnerability will be assessed by answering the question:
How do the current conditions of the MOI compare to other local, similar marshes today?
Unfortunately, only a few long term marsh reference stations exist in the Mid-Atlantic and these stations are
often too far from MOIs to have high utility. When no appropriate reference marshes exist in which
comparable physical and biological data were collected, a MOI's trajectory can be assessed over time. Withinsite temporal data can include the positions of vegetative boundaries, size and density of denuded space, and/or
density and change in intra-marsh drainage. The high resolution data described in step 1 in the preceding
section will be the primary target data and the basis for comparison within a site using historical
imagery/desktop GIS analysis. Marsh vulnerability will be assessed by answering the question: How have the
site-specific features of the marsh changed over time, and what do these changes indicate regarding the
vulnerability trajectory of the marsh and current condition of the biological community?

Spatial Reference Data
Spatial reference data, refers to data that are used for the analyses of relative conditions among marshes.
Generally, such data can be sourced from the long term monitoring efforts carried out through the Mid-Atlantic
Coastal Wetland Assessment (MACWA). The MACWA effort also has watershed-scale rapid condition data,
which offer a larger spatial resolution for condition assessments. Such reference data are particularly useful for
within watershed comparisons (e.g. HUC 14), but are likely also suitable for MOIs in neighboring watersheds
(with similar biogeophyscial attributes). MACWA-derived reference data, specifically those collected through
Site Specific Intensive Monitoring (SSIM), offer a spatial and temporal dataset that can be used with
contemporaneous MOI data collection. These intensive monitoring metrics might include grid RTK surveys,
surface elevation change (via surface elevation tables), accretion, biomass, as well as soil and water quality
variables (e.g. N, P, TSS, % carbon). The use of reference networks to obtain spatial reference data is adequate
for gauging vulnerability of a particular MOI as these datasets are large, can account for inherent variation, and
have been used to identify comparative condition in the past (e.g. PDE RAM report 2012 + ANS SSIM
reports). These data are therefore effective without the use of historical, or temporal, reference data (see
below), but the use of these two reference datasets in tandem is likely most effective.
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Temporal Reference Data
Temporal reference refers to data used for analyses of changing conditions within a marsh. These data are
sourced from historical digital databases such as satellite imagery, aerial photography, geo-referenced drone
photography, etc… These data provide a sense of change over time and are useful to discerning problematic
trends, such as rapid rates of subsidence or vegetation/shoreline loss. It is highly recommended to use both
temporal (historical) and spatial (reference networks) reference data to fully understand the dynamics at a
MOI, but where reference networks are deemed inappropriate, temporal analyses become more necessary to
understand underlying vulnerabilities.

Marsh Platform Condition: Physical and Biological
Conditions
After identifying appropriate available reference data, field reconnaissance within the MOIs is conducted to
gather data on local conditions. Elevations and features of interest (vegetation boundaries, intra-marsh creeks,
denuded areas, etc...) are mapped using Real-Time Kinetic GPS equipment, providing <2 cm horizontal
accuracy and 3 cm vertical accuracy. Elevation data is used to model the elevation across the marsh platform
within the MOI which, when evaluated within the range of the local tidal datum, provides an initial elevationbased vulnerability score. Feature-based survey data is then used to delineate the vegetation community across
the marsh platform. These data are superimposed on the digital elevation model, and the resulting spatial
elevation/vegetation dataset is stratified by vegetation type within specific elevation ranges. The general
biological condition of the dominant vegetation and the firmness of the substrate are characterized in each
stratum of the MOI, focusing on evidence of stress such as indicated by abnormal or sparse growth forms
and/or supersaturated soils that may indicate high vulnerability to drowning. The substrate and vegetation
metrics within each stratum are then used to adjust and provide context to the initial elevation-based
vulnerability scores. These scores are then used to produce final site-specific integrated physical/biological
vulnerability maps.

Marsh Edge Processes
As overall marsh vulnerability is influenced by platform conditions and edge process, the Marsh Futures
methodology aims to integrate these data into a holistic product. To assess edge vulnerability, shoreline
position change over time is calculated for each MOI. Historical shoreline data is either acquired, or created,
through Arc-GIS digitization methods, and compared to the lateral position of current in situ surveys of
shoreline position. USGS Digital Shoreline Analysis Software (DSAS) is used to quantify the linear (m) and
rate (m/yr) of change within the data period.

Site-Specific Marsh Vulnerabilities and Candidate
Tactics
Marsh platform condition and edge processes are then evaluated for appropriate responses and relative urgency
regarding intervention among marshes, as well as, site-specific vulnerability trajectory. Best scientific

18 December, 2017 | Report No.17-03
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

judgment is used to interpret the MOI vulnerability maps, and additional observations of local conditions (e.g.,
erosion types, obscure marsh features) as provided by partners or the local community, in the context of all
available intervention options and enhancement tactics (see inventory above). In cases where a MOI has
experienced a high rate of erosion, tactics that stem edge loss may be warranted. In cases where a MOI has
low elevation, tactics that encourage natural sedimentation, or that deliver sediments, may be warranted. If
intervention is suggested, additional field observations on substrate type, firmness, and slope help to guide
which specific tactic may be appropriate. Guidance is also provided regarding the urgency and recommended
sequence of any interventions. These Marsh Futures products can therefore serve as planning tools to guide
local decision-making and investments, where needed.

Methods and Data Processing Results
The following sections describe the specific methods used to collect and evaluate data at the MOIs specifically
identified under the current grant. These methods may not include all of the generalized steps indicated above,
but where certain portions of the Marsh Futures process were not engaged at a MOI, an explanation regarding
their exclusion is provided.

Marshes of Interest (MOIs)
Lower Township
The Lower Township MOI was located in Cox Hall Creek WMA, ~ 7.45 km north of Cape May point and
~0.2 km east of the Delaware Bay. The MOI consisted of two sub-areas, the north and south, which were
separated by a creek~3 m wide that drains westward into the Delaware Bay (Fig. 5). Before reaching the bay,
the creek crossed under Bay Drive through a partially clogged culvert, and flowed through ~117m of wetland
sparsely populated by Spartina alterniflora and fringed with Phragmites australis. The creek’s confluence
with the bay was controlled by a tide gate which was situated under a sand dune (~39 m high) at the
beach/road interface. The north and south MOIs extended ~150m into the marsh, and comprised areas of 0.81
ha and 0.71 ha respectively. The northern MOI was buffered from an extensive residential community by
~51m of upland vegetation on its northern boundary. There was a small grouping of 7 residential houses on
the southern margin of the south MOI, the backyards of which extended to the marsh boundary through
upland. This MOI was selected as a candidate site by NJDEP since it had been the location of a mitigation
effort in 2012, and the municipality was currently interested in restoring full tidal flow. PDE and BBP were
interested in performing a Marsh Futures analysis at this location to test the ability of the methods to assess
post-restoration marsh development.
Prior to 2012, this area of marsh was sitting high in the tidal prism and dominated by the invasive grass
Phragmites australis. In 2012, a large-scale restoration project commenced during which the elevation of the
marsh platform was lowered (via "scraping") and tidal flow was restored to the marsh using a double gated
Ducks Unlimited tide gate and 400' of 48" pipe. A large pond (~25m diameter; Fig. 6b) was constructed in the
north MOI and an intra-marsh drainage creek was dug into the south MOI. Partners conducted one small scale
planting effort since the restoration, but all other subsequent vegetation colonization has occurred naturally.
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Since then, according to neighbors who spoke with the survey crews during the summer of 2016, Spartina
alerniflora growth has increased annually, with the marsh displaying more vegetation cover each year.
As of 2016, vegetation along the creek edge appeared to be full (Fig. 6a) and there were three denuded areas in
the north MOI. The western denuded area (Figs. 5a & 6b) was ~20 m in diameter, with relatively firm
substrate, and some spare vegetation, which appeared to be colonizing the area. There also appeared to be two
drainage creeks forming: one to the west and one with its head originating from the southeastern fringe (Fig.
6b). The central denuded area (Fig 5b) was larger, ~30 m diameter, connected to a pond (Figs. 5c & 6c) on its
eastern edge and, like the western area, had relatively firm substrate and sparse vegetation colonization
predominately along its boundaries. The eastern denuded area (Figs. 5d & 6d) was substantially larger than the
other two with an ~25 m diameter portion within the MOI, but which extended east past the MOI border more
than 100m. Unlike the other denuded areas, the substrate in this area was saturated and soft to a depth greater
than 1m. No permanent drainage paths were visible throughout the summer, and water appeared to exit the
area as sheet-flow across the marsh surface. A large denuded area was also present in western region of the
south MOI (Fig. 5e). This area was ~63.5m in diameter, displayed soft substrate, and retained shallow water in
many areas at low tide. The drainage creek constructed in 2012 in the south MOI originated at the eastern end
of the denuded area and drained into the creek between the two MOIs. This creek was >1.5 m deep and ~1.75
m wide.
The tidal flushing in the marsh appeared to be restricted by the tide gate, which may have been impacting
sediment transport and connectivity for faunal movement (e.g. fish nursery habitat). Salinity in the water
column was highly variable. At ebb tide a salinity of 0 ppt was measured throughout the water column
indicating a ground water or run off inputs. On flood tide, the water column was highly stratified, with
measurements of 0ppt in the upper portions, and 15-20 ppt along the bottom. There was a tall levee along both
sides of the creek, densely packed with ribbed mussels.
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Figure 5. Location of the Lower Township MOI. The northern sub-MOI had three denuded areas positioned: in the western portion (a), central
region (b) adjacent to the man-made pond (c), and to the east (d) which extended beyond the MOI boundaries. The southern sub-MOI included a
large denuded area that retained water at low tide (e) and was connected to a drainage creek to the east.
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Figure 6. Photos of major features visually observed within the Lower Township MOI boundaries. The vegetation along the creek
was dense (a), and a few intra-marsh drainage creeks appeared to be forming (b). A constructed pond retained water at low tide (c),
and large denuded areas were present on the marsh platform (d).

Upper Township
The upper township MOI was located in the back bays of Strathmere, NJ, ~ 6 km north of Sea Isle City and
just south of Corson's Inlet State Park (Fig. 7) at the southwestern end of Bayview Dr., which marked the
lower extent of a residential community located to the north and east. The MOI was boarded by Strathmere
Bay to the west and an expansive tract of salt marsh positioned between Whale Creek, Strathmere Bay, and the
town of Strathmere to the south. As with the Lower Township MOI, the Upper Township MOI was bisected
by a creek that drained to Strathmere Bay, but as the creek was considerably smaller than the one in Lower
Township, the MOI was not sub-divided. A public boat ramp was located across Bayview Dr. from the MOI.
West of the creek, the shoreline was characterized by an ~2.5 m band of tall form Spartina alterniflora, which
descended ~1 m onto the adjacent mudflat at slope ≥90˚. The MOI's eastern boundary was adjacent to an
ongoing mitigation effort by a private engineering firm contracted by the township. All Marsh Futures data
collection occurred outside of this area.
The mudflat was comprised of silty, firm sediment that was easy to traverse. North and east of the creek,
virtually no vegetation was present, except a small patch at the mouth of the drainage creek. Here the substrate
was composed of large rocks and cobble, gently sloping to the end of the road and boat ramp's western
bulkhead. The majority of the MOI consisted of marsh platform ~200 m in length measured inland from the
marsh edge along Strathmere Bay to residential border along Landis Ave to the east, and ~125 m wide,
bisected by the creek. The northeastern margin of the marsh platform had a 3m band of P. australis and
mixed Juncus spp/dead Phragmites. Beyond, upland vegetation dominated the landscape and was the transition
vegetation into homeowner property adjacent to the marsh. The topography of the interior of the MOI was
fairly uniform with some hummock/hollow formations in the high marsh area (Fig. 8). The vegetation along
the intra-marsh creek was tall-form Spartina alterniflora growing from substrate with a high density of crab
burrows. The edge appeared to be sloughing off of the stable marsh and into the creek along most of its length.
Creek width was fairly uniform along its entirety, with some narrowing occurring towards the c reek-head. The
high marsh area was dominated by either short form S. alterniflora or small, mixed patches of S. paten/D.
spicata at ~95% and 5% respectively.
This MOI was selected as a candidate site by NJDEP due to localized flooding in the area. The local
municipality has been considering building a sand dune along the marsh edge to stop flooding on the road.
This tactic was ecologically mismatched with the local environment, as sand dunes do not occur along marsh
boundaries in these particular lagoonal systems, but other solutions had yet to be presented. PDE and BBP
were interested in performing a Marsh Futures analysis at this location to test new survey methods for which
this site would be optimal.
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Figure 8 Photos of major features visually observed within the Upper Township MOI boundaries. There was a highly
defined boarder between the tall-form and short-form S. alterniflora along the creek bank (a & b). The majority of the
MOI was defined by a short-form marsh platform (c), but some denuded areas were present (d).

Appropriate Reference Data
Spatial Reference Data
Spatial reference data selection criteria consisted of the following: 1) similar marsh type (e.g. saline, brackish,
fresh) and geomorphic class (e.g. lagoonal, expansive, or fringe); 2) comparable tidal prism (within 30 cm); 3)
within 1-2 HUCs; 4) similar recent legacy (i.e. no large scale disruptions in marsh function within the last 5
years; e.g. human interference or meteorological catastrophe). For at least 1 of the 4 criteria, marshes within
Upper and Lower Township were found to have no suitable spatial reference data.
The MOI in Lower Township recently underwent mitigation (violation of criterion #4 above), so reference data
from the nearest station, Dennis, would not apply as no mitigation activities have occurred within the reference
station in a similar time frame. Furthermore, the marshes in Lower Township were cut off from the Bay by tide
gates/culverts, so tidal levels were artificially manipulated (violation of criterion #2 above). Although the
Dennis reference data might be suitable to help design future restoration goals (if applicable), it was not
comparable for assessing relative condition or vulnerability.
The MOI at Upper Township was spatially remote from all mature (>3 years) reference stations (a violation of
criterion #3; and likely also #1 and #2). In 2015, the Wetlands Institute, in nearby Stone Harbor, installed a
reference station using MACWA vetted methodologies, but too few data existed to substantiate its use as a
reference station for these analysis.

Temporal Reference Data
Because there was a lack of spatial reference data that would have been applicable to the Marsh Future sites in
this study, temporal variability was assessed through a site-specific historical reference approach. Natural color
historical basemaps were evaluated for feature changes over time using Arc-GIS (NJDEP webservice). Due to
the restoration effort that began in 2012 at the Lower Township MOI in which the current Phragmites
dominated marsh was erradicated, it was not justifiable to review imagery taken prior to this effort. Therefore,
only the years 2012, 2013, and 2015, were included in the historical analysis for Lower Township. Conversely,
the marsh in Upper Township had not been managed and was considered a natural salt marsh. Thus, imagery
from 2007, 2012, and 2015, were assessed to observe any large scale changes to features that may have
occurred. These years were selected because they were the highest quality images available for the extent of
the dataset (roughly nine years). Flight dates to acquire the aerial imagery took place between the following
time periods:
2007 natural color basemap: March 18, 2007- April 15, 2008 (only in the spring)
2012 natural color basemap: March 14-April 16, 2012
2013 natural color basemap: Leaf on time period.
2015 natural color basemap: March 29-May 3, 2015
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Unfortunately, the 2013 natural color basemap did not have any metadata associated with it, nor was there
metadata available online. Based on the imagery, it appeared that the flight dates took place during leaf on
periods. As all other imagery was collected in spring, assessments were made assuming a similar temporal
collection window. It was considered important to compare data from similar inter-annual periods, as
vegetation in different growth stages could have led to confounded analyses.

Elevation Modeling: RTK Grid Survey
At both MOIs, platform topographic surveys were conducted using a Trimble R6, or Leica, Real-Time
Kinematic (RTK) GPS, with a horizontal accuracy of 0.8 cm±1ppm and a vertical accuracy of 1.5 cm±1ppm.
These numbers reflect the receiver's accuracy specification based on using real-time kinematic methods, with
base stations less than 30 km. The numeric baseline error described above (or "given" error) in Trimble GNSS
RTK measurements can increase with additional error, represented as the ± values, which depend on the
distance between the rover and its base station. One (1) ppm conveys that for each kilometer (1 million
millimeters) of distance from the base station, another millimeter could be potentially added to the error. The
base stations were 4 km and 3.5 km from the survey sites in Lower and Upper Townships respectively. The
final potential errors for each site were: 0.8±0.4cm horizontal and 1.5cm±0.4cm vertical in Lower Township
and 0.8cm±0.35 and 1.5cm±0.35cm vertical in Upper Township. Each survey point collected contained the
following attributes: number of point, vegetation cover, elevation, horizontal position (i.e. latitude and
longitude).
Survey points were collected as part of a grid survey at a 10x10m resolution to capture elevation changes
across the MOIs. The first transect endpoints were demarcated with 3m PVC posts at each end, between which
a survey tape was attached. The surveyor collected a survey point at the PVC starting point and then every
10m along the transect to the PVC post at the opposite end, at which a point was collected. The second, and
each subsequent transect, was demarcated by measuring 10m laterally into the MOI from each PVC endpoints
of transect 1, or previous transect. All subsequent transects were surveyed as per transect 1. A digital elevation
model (DEM) was created using the Empirical Bayesian Kriging tool (Geostatistical Analysis extension). Sitespecific elevation zone polygons were delineated across the marsh platform and global elevation-based
vulnerability scores were assigned to each.
Site-specific elevation zone (SSEZ) refers to delineated sub-areas of each MOI based on the within-site
elevation range of the DEM. These elevation zones were used to identify sub-areas in which biological
assessment plots were placed. Zone delineation can be either tidal prism-based (i.e. delineated by datum
values) or at equal intervals (i.e. quartile values of MOI-specific elevation range) independent of relative
positions within tidal datum across MOIs. Zonation served the purpose of ensuring that biological sampling
was evenly distributed across the entire elevation range of an MOI. Site specific elevation zones were scored
as multiples of 10, with 10=lowest zone, and subsequent, higher elevation zones, increase by multiples of 10
(e.g. 10, 20, 30, etc...). Site-specific elevation zone delineation and scores within each MOI are described in
the sections below.
Global elevation-based vulnerability (EBV) refers to the vulnerability of a particular area of the marsh relative
to where it was positioned within the local tidal prism. For example, an area sitting below MLW had more
elevation-based vulnerability than an area positioned between mean water (MW) and mean high water
(MHW). For all Marsh Futures sites, a global elevation vulnerability score was assigned to each delineated
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elevation zone, based on the position in the local tidal prism. This technique normalizes among-site
vulnerability across MOIs, based on their relative positions within the local tidal datum. If all site -specific
elevation zones were within the same tidal datum range (e.g. between MW-MHW) they all received the same
elevation-based vulnerability score. Elevation zones positioned differently within the local tidal datum,
received different elevation-based vulnerability scores (Table 1). Lower scores indicate a higher vulnerability,
and higher scores indicate a lower vulnerability (e.g. a location below MLW receives a vulnerability score of
1, which indicates a greater elevation-based vulnerability than a location positioned above MHHW, which
receives an elevation-based vulnerability score of 5).

Table 1 Tidal datum-based elevation vulnerability scores and elevation ranges of each datum range per MOI.
MLW=mean low water; MW=mean water; MHW=mean high water; MHHW=mean higher high water. All
elevations relative to NAVD88 (m).

Tidal Range

< MLW

MLW-MW

MW-MHW

MHW-MHHW

< MHHW

Vulnerability Level

Highest

High

Mid

Low

Lowest

Elevation-Based
Vulnerability Score

1

2

3

4

5

Lower Twp Elevation
Range

< -0.87

-

0.87 - -0.13

-

0.13 - 0.62

0.62 - 0.74

>0.74

Upper Twp Elevation
Range

< -0.67

-

0.67 - -0.10

-

0.10 - 0.48

0.48-0.60

>0.60

Lower Township
As all grid-survey points (n=230; Fig. 9a) were positioned between mean water (MW) and mean high water
(MHW) in the local tidal datum, tidal prism-based zone delineation was not considered appropriate. Elevation
zones were subsequently delineated based on the quartile values for the elevations of surveyed points (Table
2). The elevation zones were ranked from low to highest and their relative positions were mapped (Fig. 9b).
As all elevation zones were positioned between MW-MHW, they all received the same EBV score: 3. The
marsh along the creek edges in both the north and south sub-MOIs had the greatest elevation capital. There
was a slight drop in elevation where intra-marsh creeks drained from the platform into the main creek in both
sub-MOIs, which is a common feature of drainage areas. The areas with the least elevation capital were
located in the interior of both sub-MOIs (9b).
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Figure 9. Grid survey point positions (a) and Digital Elevation Model
(DEM) elevation zones (b) for the Lower Township MOI.
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Table 2 Lower Township elevation zones, ranges, codes, elevation-based vulnerability scores, and risk levels. All
elevations relative to NAVD 88 (m).

Elevation Zone

Low

Mid

High

Highest

Elevation Range

0.34-0.47m

0.47-0.51m

0.51-0.53m

0.53-0.61m

Elevation Zone
Code

10

20

30

40

Elevation -Based
Vulnerability Score

3

3

3

3

Vulnerability Risk

Highest

High

Mid

Low

Upper Township
As the survey points at the Upper Township MOI (n=300; Fig. 10a) spanned the local tidal datum, a tidal
prism-based zone delineation was employed to delineate zones across the tidal inundation gradient (Table 3).
Each zone received a different EBV score based on its position in the tidal prism. This marsh displayed a
"typical" elevation zonation pattern from the edge across the platform. The marsh platform was positi oned
highest in the tidal prism, which declined moving towards the central drainage creek (Fig. 10b).
Table 3 Upper Township elevation zones and ranges, elevation-based vulnerability scores, and risk levels. All
elevations relative to NAVD 88 (m).

Elevation Zone

Lowest
< MLW

Low
MLW-MW

Mid
MW-MHW

High
MHW-MHHW

Highest
>MHHW

Elevation Range

-1.77 - -0.67

-0.67 - -0.10

-0.10 - 0.48

0.48-0.60

0.60-1.33

Elevation Zone Code

10

20

30

40

50

Elevation -Based
Vulnerability Score

1

2

3

4

5

Vulnerability Risk

Highest

High

Mid

Low

Lowest
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Figure 10. Grid survey point positions (a) and Digital Elevation Model (DEM) elevation zones (b) for the Upper Township MOI.
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Marsh Delineation: Vegetation Community Zonation
and Features of Interest
RTK-GPS survey points were taken along feature boundaries, such as denuded areas, pannes, drainage creeks,
or changes in vegetation type/density to delineate prominent features/biological communities across the marsh
platform (Figs 11a & 12a). Survey points were taken on the boundary and coded to indicate the features
present on either side. If a feature displayed a prominent elevation difference from its neighboring feature (e.g.
different vegetation types above and below a terrace), survey points were collected at each elevation along the
boundary and coded as to the feature type at each elevation. Survey points were collected ~3m apart along
straight edges, and at directional changes along non-linear boundaries. As the goal of this survey was to
delineate boundaries, not to evenly distribute mapping across the surveyed features, the variable between-point
distance was not of concern. All features were subsequently digitized as polygon shapefiles and given a
"code" indicating their feature attribute. Vegetation cover coding for biological communities in each MOI is
described below.

Lower Township
The vegetation community in the Lower Township MOI was of a single species, tall-form S. alterniflora,
which was present in variable densities across the platform. Subsequently, a density gradient was employed as
the vegetation community delineation factor. Three major densities were identified: dense, sparse, and no
vegetation. Dense S. alterniflora was largely contiguous and concentrated along the creek edges and the
upland boarders, but periodically moved into the interior (Fig. 11b). The vegetation was considered dense in
an area if the vegetative stand displayed: 1) no break in connectivity across space,; 2)no topographic
hummock/hollow formations among "patches"; and 3) no interruption from drainage pathways. Vegetation
was considered sparse if any of the preceding conditions were met resulting in a partitioned community of
spatially associated "clumps" existing independently among denuded areas of less than 1 m diameter. Areas
characterized by no, or extremely sparse (<1% coverage per m 2) vegetation, were considered non-vegetated.
The vegetation density generally declined moving towards the center of each MOI, where non-vegetated areas
dominated the landscape (Fig 11b). Each vegetation type was given a vegetation cover code (VCC) and
digitized as an independent polygon in ArcGIS: No Vegetation= 1; Sparse Vegetation=2; Dense Vegetation=3.
A total of 367 feature-based RTK-GPS survey points were collected at this MOI.
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Figure 11. Feature survey point positions (a) and feature/vegetation community delineation
(b) for the Lower Township MOI.
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Upper Township
The vegetation community in Upper Township was more diverse than in Lower Township, with high marsh
species present at high densities. The low marsh vegetative community was comprised of tall-form S.
alterniflora along the creek and the main channel edge. The high marsh community generally contained a
monoculture of short-form S. alterniflora which dominated the majority of the marsh platform. Some other
high marsh species, including S. patens and D. spicata, were present in the MOI, but not at high enough
densities to warrant separate delineation. Some upland islands were present in the north and south areas of the
MOI, and a few barren, non-vegetated patches were also present in the southern area (Fig. 12b). Each
vegetation type was given a vegetation cover code (VCC) and digitized as an independent polygon in ArcGIS:
No Vegetation= 1; tall-form S. alterniflora=2; short-form S. alterniflora =3. A total of 351 RTK-GPS fetaure based survey points were collected.

Spatial Integration of Elevation Zones and
Vegetation Community for Biological Sampling
In ArcGIS, all elevation zone and feature polygons were rasterized and MOI-specific strata (i.e. vegetation
type within an elevation zones) were delineated using the Raster Calculator tool. The two-digit site specific
elevation zone code (10, 20, 30, etc...Tables 2 & 3) was added to the vegetation cover code (i.e. 1,2,3) to create
unique two-digit strata codes (SC) that represented a particular biological community within a specific
elevation zone of an MOI (e.g. 21=no vegetation ground cover in elevation zone 2 (01+20=21), etc.). The total
area of each stratum was calculated within each MOI. Any strata that met the MOI-specific conditions for
acceptable sampling area, was considered appropriate for biological assessment (i.e. health assessment of
vegetation in each strata). As this was an evaluation of marsh health, upland vegetation cover was not
considered appropriate vegetation for biological assessment. Specific strata and area sampling rules for each
MOI are described below
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Figure 12. Feature survey point positions (a) and feature/vegetation community delineation (b) for the Upper Township MOI.

Lower Township
Twelve unique strata were produced by raster calculation in the Lower Township MOI (Table 4).
Approximately 42% of the MOI was non-vegetated, mostly at lower elevations (SSEZ 1 & 2). An almost
equal portion, ~38%, contained dense S. alterniflora, distributed fairly uniformly across SSEZs, with the
exception of the lowest zone. Sparse S. alterniflora composed ~20% of the platform across the middle range
of SSEZs. A 5% area coverage was decided upon as the strata area lower threshold for biological sampling
eligibility, as it would allow for nearly equal sampling of vegetation types and elevation zones across the MOI,
without adding more sampling tasks than could be adequately handled within the sampling time frame:
between late summer and early fall when vegetation was at its peak annual biomass.
Table 4 Percent area of each strata in the Lower Township MOI. VCC= Vegetation Cover Code. SSEZ=Site
Specific Elevation Zone. Highlighted cells indicate strata that surpassed area threshold (5%) and were considered
viable for vegetation assessment. Number in parenthesis is the unique strata code (SSEZ+VCC).

SSEZ: using quartile analysis; all points between MW-MHHW
VCC

10

20

30

40

1-No Vegetation

22.82 (11)

16.24 (21)

2.21

0.96

2-Sparse S.a.

2.10

9.68 (22)

5.49 (32)

2.55

3- Dense S.a.

1.73

13.20 (23)

11.42 (33)

11.59 (43)

After applying the area-threshold criteria, seven sampling strata remained (Table 4 highlighted cells; Fig. 13).
Non-vegetated areas were positioned at lower elevations in the central regions of both sub-MOIs. Dense S.
alterniflora spanned three elevation zones from mid to highest elevations along a large portion of the upland
borders and along the main and intra-marsh drainage creeks. The sparsely vegetated areas were positioned in
the intermediate areas across two elevation zones (mid and high; Fig 13).
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Figure 13. Strata delineation for the Lower Township MOI. Strata integrate elevation zones and vegetation cover polygons
using map algebra to identify unique areas of vegetation within specific elevation ranges.

Upper Township
Fifteen unique strata were produced by raster calculation in the Lower Township MOI (Table 5). The
overwhelming majority of the MOI, ~90.62%, was short form S. alterniflora, almost exclusively above
MHHW (SSEZ 50; 82.53%). Non-vegetated and tall-form S. alterniflora areas each comprised less than 5% of
the total ground cover (2.91% and 4.06% respectively), but each had very specific locals. Tall-form S.
alterniflora was located almost exclusively along the intra-marsh creek edge, which was considered a
prominent habitat within the MOI (Fig 14). As noted in Table 5, the majority of the marsh platform was
comprised of short-form S. alterniflora across three elevation zones. The lower zones (30 & 40) were largely
in close proximity to the creek, and the vast majority of the platform was the short-form at the highest possible
elevation (Fig. 14). The non-vegetated areas were located along the edge of the intra-marsh creek channel
between the vegetation and the drop-off into the creek (empty cells along creek in Fig. 14). As this was not a
discrete habitat, sampling was precluded in this area (SSEZ=30, VCC=1, Table 5). A 3% area coverage was
decided upon as a lower threshold for biological sampling as it would allow for sampling of both vegetation
types across the MOI. Although this scheme did not result in sampling of all SSEZs, the authors felt the
sampling rule was adequate for capturing biological metrics of all prominent strata.
Table 5 Percent area of each strata in the Upper Township MOI. VCC=Vegetation Cover Code. SSEZ=Site
Specific Elevation Zone. All numerical values are percentages. Highlighted cells indicate strata that surpassed area
threshold (1%) and were considered viable for vegetation assessment.

SSEZ: using tidal datum positioning; spans entire datum
VCC

10: <MLW

20: MLW-MW

30: MW-MHW

40:MHW-MHHW

50: >MHHW

1-No Vegetation

0.13

0.87

1.31

0.35

0.25

2-Tall S.a.

0

0.04

3.20

0.73

0.09

3- Short S.a.

0

0.06

1.03

7.00

82.53
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Figure 14 Strata delineation for the Upper Township MOI. Strata integrate elevation
zones and vegetation cover polygons using map algebra to identify unique areas of
vegetation within specific elevation ranges.
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Biological Assessments
Rapid measures of marsh condition were examined at representative plot locations within the MOI. These
measures were selected from a diverse array of metrics used in MACWA rapid and fixed station monitoring,
focusing on those that have yielded the most informative data on marsh condition and vulnerability.
Vegetative health was assessed in each stratum identified above. Assessment occurred in three replicate
plots/strata.

Assessment Plot Location
Within each MOI, three replicate sample plot locations were randomly generated using the Create Random
Point tool in ArcGIS. In the Lower Township MOI (Fig. 15), sub-MOIs were chosen as an appropriate level
for replication due to their separation by the tidal creek, resulting in three replicate plots per strata per sub-MOI
(north and south). Even though elevation profiles were the same on either side of the creek at this MOI, the
creek was so large and deep, that biological responses to processes other than elevation may have had different
effects on vegetation and sedimentation on each side. A similar process was not deemed necessary at the
Upper Township MOI (Fig. 16) in regard to its intra-marsh creek, as the depth and width of the creek were
small enough that the MOI was not considered bisected to a degree of significant separtaion.
Random points were dropped in each stratum until the number of random points per stratum was greater than
six (Figs. 15 & 16; only final sampling points shown for clarity). Each point was then randomly numbered
which then served as the order in which each point was visited and investigated for alignment with strataspecific criteria (i.e. proper elevation and vegetation cover). During field assessments in each strata, random
point #1 was tracked to using the RTK-GPS. At the location of each point, elevation was measured and
vegetation type was assessed. If these two criteria matched the elevation and ground cover criteria for the
strata, the point was accepted and biological assessments were conducted. If either the elevation or ground
cover type was not in alignment with those defined by the strata, the point was rejected and the next numbered
point was tracked to. This was repeated until three replicate bio-assessment plots were approved for each
strata.
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Figure 15. Location of final bio-assessment plots in the Lower Township MOI (map). Pictures
provide examples of non-vegetated (a), sparse (b), and dense (c) vegetation cover assessment plots.
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Figure 16. Location of final bio-assessment plots in the Upper Township MOI (map). Pictures provide examples of
tall-form S. alterniflora (top right) and short-form S. alterniflora (bottom right) vegetation assessment plots.

Rapid Biological Surveys
At each assessment plot, two indicator measures of vegetative health were assessed: vegetation robustness and
bearing capacity. These measures were chosen because a) they can be rapidly collected, and b) they reflect
different features of salt marsh condition. Vegetation robustness integrates blade height (reflects the vertical
height of the canopy, which can be correlated with inundation and nitrogen enrichment), vertical vegetation
obstruction, and horizontal vegetation obstruction to provide data regarding above ground vegetation density at
two spatial scales. Bearing capacity provides information regarding substrate firmness which can be used as a
rapid measure of belowground biomass because softer substrates tend to have lower amounts of live and dead
(peat) roots and rhizomes. The data collection and calculation methods for the two indicators are described
further below:
1.

Vegetation Robustness: vegetation robustness integrates the vertical and horizontal obstruction of
vegetation within a plot, normalized by vegetation height. The formula for this calculation was:

𝑽𝒆𝒈𝒆𝒕𝒂𝒕𝒊𝒐𝒏 𝑹𝒐𝒃𝒖𝒔𝒕𝒏𝒆𝒔𝒔 =

𝑯𝒐𝒓𝒊𝒛𝒐𝒏𝒕𝒂𝒍 𝑽𝒆𝒈𝒆𝒕𝒂𝒕𝒊𝒐𝒏 𝑶𝒃𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 + 𝑽𝒆𝒓𝒕𝒊𝒄𝒂𝒍 𝑽𝒆𝒈𝒆𝒕𝒂𝒕𝒊𝒐𝒏 𝑶𝒃𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏
𝟐

Vegetation robustness was rounded to the nearest whole number to account for variability in
calculating the change in Elevation-Based Vulnerability (EBV) scores.
The following three metrics were used to calculate the above percentages:
o

Blade Height: Twenty-five stems were measured, moving from the waterward corner towards
the interior. Max blade height was used for the Horizontal Vegetation Density calculation

o

Horizontal Vegetation Obstruction: measures the percent (0-1) of visible area obstructed by
the vegetation within a 3m (length) by 1m (width) contiguous vegetation band of a uniform
type. A 1m wide board with alternating red/white stripes is placed in the center of the
monitoring plot and the viewer moves 3m away (remaining within the same vegetaion
zone/type as the plot) and counts the number of bars visible at 0.25, 0.5, and 0.75m (heights
are dependent on plot max vegetation height; e.g. if max veg height is 0.6m counts are taken
at the 0.25 and 0.5m heights, if max vegetation height is 0.3m measurements are taken at
0.25m only, if veg max height >0.75 counts are taken at all heights). The number of bars
visible are subtracted from the number of bars available (e.g. 10 bars if only counting at
0.25m, 20 bars if counting at 0.25 and 0.5, or 30 bars if counting at 0.25, 0.5, and 0.75m),
divided by the number of bars available to calculate the percent horizontal obstruction.

𝑯𝒐𝒓𝒊𝒛𝒐𝒏𝒕𝒂𝒍 𝑽𝒆𝒈𝒆𝒕𝒂𝒕𝒊𝒐𝒏 𝑶𝒃𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 =

o

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒃𝒂𝒓𝒔 𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆 − 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒃𝒂𝒓𝒔 𝒗𝒊𝒔𝒊𝒃𝒍𝒆
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒃𝒂𝒓𝒔 𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆

Vertical Vegetation Obstruction: measures the percent (0-1) of available light attenuated by
the vegetation canopy within a monitoring plot. Five measurements of ambient light were
taken above each plot (corners and center not obstructed by vegetation shadows) and at the
ground level (penetrative light at substrate level) beneath canopy using a light meter.
Calculations were as follows:

42 December, 2017 | Report No.17-03
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

𝑽𝒆𝒓𝒕𝒊𝒄𝒂𝒍 𝑽𝒆𝒈𝒆𝒕𝒂𝒕𝒊𝒐𝒏 𝑶𝒃𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 = 𝟏 − (𝒓𝒂𝒕𝒊𝒐 𝒐𝒇 𝒑𝒆𝒏𝒆𝒕𝒓𝒂𝒕𝒊𝒗𝒆 𝒍𝒊𝒈𝒉𝒕: 𝒂𝒎𝒃𝒊𝒆𝒏𝒕 𝒍𝒊𝒈𝒉𝒕)

2.

Bearing Capacity/Substrate Firmness: measured substrate firmness as penetrative capacity of a slide
hammer into the substrate after 5 blows. The total depth of penetration is considered the bearing
capacity of the substrate.

Marsh Edge Processes
Lower Township
As this site was located inland of the Bay, there was no direct shoreline on which to conduct lateral position
change over time analysis. The main creek between the two sub-MOIs was surveyed as a feature, and
placement of the surveyed 2016 edge on historical imagery post-2012 (year of mitigation action), showed no
lateral movement. For this reason, marsh edge processes were not an integrated factor for vulnerability
assessment.

Upper Township
A living shoreline design was planned for the marsh edge along the marsh/Bay boundary, directly west of the
boat ramp. Since the living shoreline project was planned and scheduled to move forward, Marsh Futures
analysis focused on the interior marsh platform only.

Final Vulnerability Calculations and Assessment
Elevation Based Vulnerability (EBV) scores for each zone per MOI were adjusted based on site-specific data
collected during the biological assessment surveys. The following equation was used to calculate Final
Vulnerability (FV) score for each strata:
𝐹𝑖𝑛𝑎𝑙 𝑉𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒 = 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝐵𝑎𝑠𝑒𝑑 𝑉𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦 − (1 − 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠)
As the vegetation robustness score (vegetation robustness described above scoring between 0 & 1) decreased,
so did the FV score, indicating an enhanced vulnerability indicator. It is important to note that the FV score
is inverse to FV level: higher scores indicate lower calculated vulnerability and lower scores indicated
higher calculated vulnerability. This method accounted for the additional vulnerability at non-vegetated
areas that did not have a vegetation robustness score, by decreasing the EBV score by 1-the maximum
decrease in score available. Ecologically, this method accounts for the resiliency benefits provided to marshes
by its dense vegetation, including: active sediment trapping and elevation building capacity; reduction of
surface flow; and energy attenuation. As vegetation increases in an area, its potential for resiliency is
enhanced based on the vegetation's provisional capabilities.
Final vulnerability scores followed a similar pattern as the EBV scores outlined in Table 1 (5=lowest; 4=low;
3=mid;2=high; 1=highest), but as the FV scores are not discrete whole numbers, but continuous values, with
two significant digits to the right of the decimal, resulting from the integration with the vegetation robustness
score, a range of values was needed to define each scoring category. Additionally, as these scores are adjusted
by only one metric, sub-ranges were defined to account for the impact of different vegetation robustness values
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on the FV score. Each whole number range (e.g. 2-3) was subdivided into three levels. For example, a Mid
level vulnerability score (EBV=3) was further delineated into three distinct groups with that range for FV
scoring: 2.01-2.33 =Mid-High; 2.34-2.66= Mid; and 2.67-3.00=Mid-Low. These sub-categories allow for the
identification and mapping of a range of vulnerabilities within each overall EBV range. Final vulnerability
levels and scores, and their associated EVB scores, are listed below in Table 6.

Table 6 Relationship between vulnerability level (column 1), elevation-based vulnerability score (EBV, column 2),
and final vulnerability score (FV, column 3).

Vulnerability Level

EBV Score

FV Score Range

Highest-High

1

0-0.33

Highest

1

0.34-0.66

Highest-Low

1

0.66-1.00

High-High

2

1.01-1.33

High

2

1.34-1.66

High-Low

2

1.67-2.00

Mid-High

3

2.01-2.33

Mid

3

2.34-2.66

Mid-Low

3

2.67-3.00

Low-High

4

3.01-3.33

Low

4

3.34-3.66

Low-Low

4

3.67-4.00

Lowest-High

5

4.01-4.33

Lowest

5

4.34-4.66

Lowest-Low

5

4.67-5.00

Regarding Bearing Capacity: Bearing capacity is a measure of the firmness of the sediment (i.e. lower
bearing capacity=firmer sediment/substrate), and is not static regarding its contribution to the directionality of
a vulnerability score, and therefore is used to add interpretive value to the vegetation and elevation data. For
example, a high bearing capacity (i.e. soft sediment) could be indicative of increased vulnerability of an area if
the area is without proper drainage. This can result in anoxic soils and vegetative loss, and possibly the
formation of large denuded areas. The formation of denuded marsh platform features, however, is not always a
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sign of degradation. Marsh pannes and pools provide habitat for a myriad of fauna and are a natural feature at
the landscape level when not expanding, or increasing in density, at an extraordinary rate. Conversely, a low
bearing capacity could also be indicative of an area of the marsh that is currently trapping sediment and
building elevation capital. As bearing capacity can be indicative of many different processes, its inclusion as a
vulnerability metric needed to be interpreted in the context of the other metric values.
In these analyses, the bearing capacity measured in each stratum was evaluated in the context of the other
strata-specific attributes: elevation; vegetation cover; and position in the landscape of the MOI. As bearing
capacity was not included as a numeric influence on the FV score via mathematical operation, the
incorporation of these data is largely qualitative. Even though research regarding the direct contribution of
bearing capacity to salt marsh vulnerability analysis is currently lacking, information regarding the substrate
condition can be informative regarding salt marsh trajectories and highlighting areas of concern for future
monitoring. For these reasons, qualitative incorporation of strata-specific bearing capacity data was regarded
as valuable.
Final vulnerability assessment, incorporating strata-specific substrate information, was used to provide
recommendations regarding future actions at each MOI. Future actions could include: direct intervention
efforts (e.g. living shorelines, TLP, etc...); recommendations for future monitoring to evaluate intra-marsh
trajectories; or no action if the MOI showed no indication of vulnerability. Each assessment result was
accompanied by an inventory of candidate tactics or methods to address identified issues.

Vulnerability Assessment Analysis
Lower Township
Historical Data Analysis
The Lower Township marsh was the site of a collaborative mitigation project in 2012. Prior to the restoration,
the marsh was overrun by Phragmites australis, which was subject to occasional natural fires (B. O’Connor,
personal communication, May 2016). A tide gate was installed in 2012, allowing for salt water inundation of
the marsh, with the intent to replace the Phragmites australis with Spartina alterniflora (B. O’Connor,
personal communication, June 2016). In an effort to continue restoring the salt marsh back to its pre -tide gate
state, the marsh was re-graded and all Phragmites australis was removed (Fig. 17a). In 2013, some vegetation
appeared to have grown back near the tidal creek and at the upland borders around the edges of the marsh and
an artificial pond with an island was created (Fig. 17b). By 2015, Spartina alterniflora began to move into the
interior of the AOI (Fig. 17c), although there are still areas that do not appear to be vegetated. The formation of
small tidal creeks was also evident at this time and the ponding area that formed at the northwestern end of the
AOI in the 2013 imagery had begun the process of vegetation establishment.

45 December, 2017 | Report No.17-03
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

Elevation-Based
Vulnerability
Assessment
The vast majority of survey
points collected at the Lower
Township MOI were
positioned between mean
water (MW) and mean high
water (MHW; Fig. 18). Only
five points were collected
above MHW: two
unvegetated; two in dense S.
alterniflora; and one in sparse
S. alterniflora. As three of
these points were considered
outliers (1 per vegetation
type; Fig. 18), and the other
two did not constitute enough
area to delineate a specific
elevation zone above MWMHW, these points were
excluded from the analysis.
As the elevation range across
the MOI was positioned at the
upper half of the MW-MHW
tidal range, it received a Mid
vulnerability level (EBV
score =3 ) across the entire
MOI (Table 1; Fig 19).

Figure 17. Historical imagery of Lower Township MOI, which was
recently part of a large-scale restoration effort beginning in 2012.
Natural color base maps were analyzed for (A) 2012, (B) 2013 and
(C) 2015.
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Figure 18. Boxplot distributions of all survey points by vegetation type collected in
the Lower Township MOI. Spa= Spartina alterniflora. The blue and green lines
denote the elevations of mean water and mean high water respectively. Red diamonds
are the mean elevation of each vegetation type, which are noted above graph. Number
of points represented in each vegetation type box and whisker noted below graph.

The consistent elevation is likely due to the mitigation efforts in 2012, and the elevation modeled across the
marsh platform is appropriate for S. alterniflora marsh development. The data range (Fig. 18) indicated that
even though the elevation range is appropriate for sustaining growth and resiliency, lower positions in this
range could be vulnerable to event-based disturbance and water-logging and higher positions may be
vulnerable to water retention if the proper hydrologic connectivity is not present to allow for drainage.
Although these general concerns were identified, the elevation-based vulnerability assessed within this MOI
did not raise concern and was congruent with sustainable, rich salt marsh community development.
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Figure 19. Elevation-Based Vulnerability (EBV) scoring across the Lower Township MOI.

Biological and Substrate Vulnerability Assessment
Means and variability did not
significantly differ on either side
of the creek per metric per strata
(Table 7) so data were pooled
across sub-MOIs per strata for
final vulnerability analysis. Dense
S. alterniflora was positioned at a
significantly higher elevation than
the sparse and non-vegetated areas
(Fig. 20). Although the difference
in means was not drastic and there
was overlap in the growth ranges
of each vegetation type (Fig. 18),
dense, robust vegetation, on
average, occupied the highest
elevations. The dense vegetation
was also significantly more robust
than both the sparse and nonvegetated areas, which also
Figure 20. Elevation means and standard errors of the three
differed from each other (Fig.
vegetation communities in the Lower Township MOI. Spa=
21a). The mean difference in
Spartina alterniflora. Asterisks indicate significant
robustness between the dense
differences between factor levels from Tukey post-hoc
(0.89±0.02) and sparse (0.36±0.04)
analysis. Means for each bar noted at their base.
S. alterniflora communities was
more than two-fold, showing that
these were two distinct growth
patterns on the marsh platform. The average robustness (0.90±0.06) in the highest elevation zone (zone 4)
reflected the dense vegetation that was present there. In the lower zones 2 (0.61±0.08) and 3 (0.64±0.09),
vegetation robustness did not significantly differ from each other, but did differ from zone 4 (Fig. 21b). This
was not surprising as in elevation zones 2 and 3, dense and sparse vegetation communities are present which
reduced the overall vegetation robustness of the zone. These data were reflected in the mapping, where the
high elevation edge areas showed the greatest vegetation robustness (Fig. 22). Additionally, these data
correlate highly with the vegetation community data (Fig. 11b), as the community was delineated on perceived
density differences in the field. The quantification of those observational differences, allows for mathematical
vulnerability adjustments based on measured differences in the vegetation community across the MOI.

̅ =0.46
𝑿

̅ =0.51
𝑿

̅ =0.48
𝑿

The variability in vegetation robustness between the two vegetated communities (dense and sparse) could
indicate that either the dense vegetation was in the process of moving into the sparse and denuded areas in
center of the sub-MOIs, or that the central denuded areas have been losing vegetation since some time post
mitigation. Conversations with neighbors whose properties border the sub-MOIs, and with Brian O'Connor
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Figure 21. Barplots of one-way ANOVAs for metrics at the Lower Township MOI. Spa=
Spartina alterniflora. Analysis of vegetation robustness by vegetation type (a) and elevation
zone(b) and bearing capacity by vegetation type (c) and elevation zone(d) were conducted for
each factor level of bio-assessment plots. Letters indicate significant differences by factor
levels from Tukey post-hoc analysis; There were no significant differences between bars that
share a letter.

from the Cape May County Planning Department during site visits in summer 2016, helped to clarify the
vegetative trajectory. All parties agreed that the areas currently covered in sparse S. alterniflora were, as
recently as the summer of 2015, largely denuded. Since 2012, neighbors have witnessed the vegetation
moving laterally into the center areas of each sub-MOI to a greater extent with each subsequent growing
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season. These relational data were in agreement with the historical imagery which indicated vegetation first
became established along the edges of the creeks, and has since moved towards the interior. The integration of
the collected quantitative data, historical imagery, and observational data from residents, indicated that each
sub-MOI is still under development since mitigation in 2012, and is likely on a positive trajectory. One current
concern relates to the viability of the denuded interior sections to support healthy vegetation if they are
retaining water. This concern was address by collecting data regarding substrate firmness (i.e. bearing
capacity).
Bearing capacity was significantly lower (i.e. firmer substrate) in the dense vegetation strata (3.53±0.51) than
in the sparse (6.65±0.86) and non-vegetated (8.38±0.83) strata, which did not differ from each other (Fig. 21c).
These data show that in areas where vegetation density was high (Fig. 21a), the substrate was more firm and
resistant to penetration (Fig. 21c), which supports the hypothesis that dense vegetation provide an ample root
mat that enhances the stability of the soil. The fact that these areas were along the main creek boundaries
(Figs. 22 & 23) indicated that the creek edge may be resistant to erosion, especially in this low flow velocity
area. Bearing capacity increased with decreasing elevation, with significant differences observed between the
lowest (zone 1, 8.96±0.77) and highest (zone 4, 2.67±0.35) elevation zones (Fig. 21d). The largely denuded
internal areas of the marsh platform also displayed very soft sediment (Fig. 23).
Interpreting bearing capacity data can be confounding, especially with only a single temporal data point. As
stated above, softer sediments could indicate water logging or soil-trapping activity; it is really the evolution of
the bearing capacity over time that will provide a better picture of the implications of these data. Placing these
data into the context of the other prominent features at the site, it is possible to identify likely scenarios. In the
north sub-MOI the denuded, soft area on the western margin, had developed a drainage creek emerging from
its southeastern boundary. This creek was shallow, well-defined, and provided an exit point for water that
would otherwise stay trapped on the platform. The central areas in close proximity to the drainage creeks
showed lower bearing capacity (i.e. firmer sediments) than then internal denuded areas without drainage (Fig.
23). Conversely, on the eastern side of the north sub-MOI, the soft, denuded area did not have a well-defined
drainage creek and may have been retaining water across the tidal cycle. Whereas the well-drained western
denuded area will likely colonize quickly with vegetation, the eastern denuded area may not develop as quickly
due to water logging and the potential resulting anoxia.
In the south sub-MOI, the large denuded area was holding water at low tide in 2016, and although adjacent to a
drainage creek at its eastern boundary, currently the creek may not penetrate far enough into the area to
provide adequate drainage. This may be an area where a marsh panne is developing. This would not
necessarily indicate unhealthy marsh conditions, as long as the boundaries become stable. Continued
monitoring of these denuded areas for bearing capacity and vegetation robustness will provide data regarding
the trajectories of these two sub-areas. For healthy marsh development, a decrease in bearing capacity and an
increase in vegetation robustness would be expected. Additionally, surveys of the vegetated borders would
provide information regarding boundary shifts and in the instance that an intra-marsh panne is in the process of
forming. The data presented in this document can be considered baseline formation conditions to monitor over
time.
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Figure 22. Vegetation robustness across the Lower Township MOI marsh platform.
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Figure 23. Bearing capacity across the Lower Township MOI marsh platform.

Final Vulnerability Analysis and Candidate Actions
The final vulnerability of the Lower Township MOI was generally between Mid-Low and High-Low
vulnerability levels (Fig. 24). The non-vegetated areas all received a FV score in the High-Low vulnerability
range, due to the low elevation and lack of any extensive marsh vegetation (some sprigs may have been present
at >1% cover). Vegetated areas scored between Mid-High and Mid-Low based on the vegetation robustness
present. The areas bordering creeks and upland showed the lowest vulnerability, and areas between the se
bordering communities and the denuded central areas, displayed Mid to Mid-High levels. These scores
indicated that the although the vegetated areas appeared to be at an appropriate elevation within the local tidal
prism for resilient development, the vegetative community did show some signs of impairment (FV scores in
the Mid to Mid-High range), and it may be experiencing some detrimental conditions or processes. The nonvegetated areas are of greater concern (FV=High-Low).
Generally, at elevations near MW, large scale storm events could negatively impact the edge community
through long periods of inundation or excessive energetic interaction. At the Lower Township MOI, this
potential vulnerability was not considered great due to the MOI's relative position inland from the coast of the
Delaware Bay, and its vertical position near MHW. At higher elevations near MHW, excessive water retention
in the marsh interior could result in water logged soils and anoxic conditions that preclude healthy vegetati on
communities. The development of proper intra-marsh drainage creeks alleviates the likelihood of this
possibility. At the Lower Township MOI this was a concern as the elevation was lower in the interior sections
of the MOI where vegetation was not present and soils were soft, resulting in a FV score of 2 for these areas.
Drainage for the interior areas was developing at the site, as noted above, but as of summer 2016, it was not
fully formed. Water retention in the central region of the north and south sub-MOIs was documented, but as
observations were during a single season and neighbors related information regarding lateral internal
vegetative movement, the MOI's may have been at an interim period of creek development. Of note, was the
Mid level (FV score = 2.34-2.66) vulnerability areas bordering the denuded patches. The scores in these areas
were one level above the High-Low vulnerability scores (jumping Mid-High at 2.01-2.33), and show that the
vegetation was more robust along the borders than might be expected. The enhanced vegetation along these
borders looked promising as a vegetated source population for the interior areas, and indicated sufficient
drainage is forming.
Recommendations for candidate actions at the Lower Township MOI consist of continued monitoring of: 1)
elevation profiles; 2) vegetation robustness; and 3) substrate conditions in the MOI interior sections. Proper
elevation in the local tidal prism is a foundational characteristic of a healthy marsh and the Lower Township
MOI appeared to be properly positioned. As marsh development continues, it will be important to monitor the
vertical position, and possibly make adjustment if the marsh appears to be losing or gaining elevation. As the
marsh was positioned close to MHW, there was adequate buffer room to lose elevation, but any gains in
elevation could result in upland vegetation establishment. Relational data from neighbors indicated that
vegetation robustness was increasing in the interior areas. Finally, restoring natural tidal flow to the marsh will
provide a suitable sediment source for continued vertical growth with sea-level rise as well as marsh edge
flushing, which supports a healthy edge vegetation community
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Figure 24. Final Vulnerability (FV) scoring across the Lower Township MOI.

Upper Township
Historical Data Analysis
The marsh in Upper Township was considered a "natural marsh" in the sense that the MOI had not undergone
any recent restoration efforts. In the 2007 imagery (Fig. 25a), the major marsh features appeared to be the
single intra-marsh tidal creek branching east and west at its southern extent, and a patch of Phragmites

Figure 25. Historical imagery of a salt marsh bordering Bayview Drive in Upper Township, NJ. Natural
color basemaps were analyzed for (A) 2007, (B) 2012 and (C) 2015.
australis in the southern corner of the MOI. Overall, there was not a noticeable amount of change through
2012 (Fig. 25b) and 2015 (Fig. 25c). The extent of the Phragmites australis remained constant relative to
2007, and there did not appear to be any major changes or disturbances within the MOI. Additionally, the
location of the tidal creek remained unchanged and did not expand either in length or width. Although there
did appear to be increasingly more water on the marsh surface, especially in 2013, it is unclear if this was due
to imagery being collected during a high tide or a spring tide, or if the marsh was indeed being inundated more
frequently. Based on observations made in the field, the marsh was not experiencing symptoms of wide-spread
internal break-up. Two intra-marsh ponds appeared in the historical imagery, but they were not expanding
over time.

Elevation-Based Vulnerability Assessment
Tall-form S. alterniflora was largely positioned between MW and MHHW (Fig. 26). Some points were
located outside these datum boundaries, but were a minimal part of this data set (n=~15 of 133 points). Mean
higher high water appeared to be a generalized boundary between the tall and short-form S. alterniflora
communities. Both forms appeared to be positioned a bit higher in the tidal prism than typically observed (tall
generally between MW-MHW and short between MHW-MHHW). There were non-vegetated areas across all

56 December, 2017 | Report No.17-03
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

elevations at the MOI. As the
elevation range across the
MOI was mostly positioned
between MW-MHHW, it
received Mid-Lowest
vulnerability levels and an
EBV scores of 3-5 across the
entire MOI (Table 1; Fig 27).
The Mid scores were largely
concentrated along the creek
edges where a sloping
topography joined the marsh
platform to the mudflat within
the creek. The Mid-range
vulnerability areas sloped
directly into the lowest
vulnerability areas in the
waterward region of MOI. At
the creek-head in the eastern
section of the MOI, the midrange vulnerability areas
experienced a more gentle
transition in elevation onto the
lowest vulnerable marsh
platform. This was an area
where some increased water
retention could occur, and
should be monitored in the
future for decreased vegetation
robustness (Fig. 27).

=0.28

n=202

=0.64

n=151

=0.48

n=133

Figure 26. Box plot distributions of all survey points of short, tall
or no vegetation collected in the Upper Township MOI. Spa=
Spartina alterniflora. The blue, green, and red lines denote the
elevations of mean water, mean high water, and mean higher high
water respectively. Red diamonds are the mean elevation of each
vegetation type, also noted above graph. Number of points
represented in each vegetation type box and whisker noted below
graph.

The MOI was located at an
ideal vertical position for optimum resiliency due to the range of elevations being between mid and very low
vulnerability. This range of elevation provides a variety of inundation conditions and micro-habitats which
enhances marsh resiliency. The elevation range was ideal for stable S. alterniflora marsh development at the
lower end of the spectrum and for a mixed high marsh community at its upper bounds. For the lower
elevations, a mid vulnerability level (EBV score=3), was assigned because even though the elevation range
was appropriate for sustaining growth and resiliency, lower positions in this range could be vulnerable to
event-based disturbance and water-logging, and higher positions could be vulnerable to water retention if the
proper hydrologic connectivity was not present to allow for drainage. Areas above MHW at the high and
highest elevations were less likely to be susceptible to flooding and water retention and received EBV scores
of 4 and 5 respectively. The elevation-based vulnerability assessed within this MOI did not raise any
immediate concern, and was appropriate for a sustainable, rich salt marsh community development.
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Figure 27 Elevation-Based Vulnerability (EBV) scoring across the Upper Township MOI.
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Biological and Substrate Vulnerability Assessment
Short-form S. alterniflora was positioned at significantly higher elevations than the tall S. alterniflora and nonvegetated areas (Fig. 28), although the difference in means was not drastic and there was overlap in the growth
ranges of each vegetation type (Fig. 26). Vegetation robustness did not differ across vegetation types or
elevation zones (Fig. 29a & b). Although scores were not equal, as reflected in the mapping, the similar
variability across factor levels resulted in no statistical differences (Fig. 30). Regardless of statistical
significance, some correlations did appear in the maps of elevation vulnerability (Fig. 27) and vegetation
robustness (Fig. 30). The area
near the creek head, where
elevation was slightly lower than
the surrounding platform, showed
decreased robustness when
compared to the low marsh
vegetation below and the high
marsh above. This could be
indicative of marsh transition
from high to low, and the
existing high marsh vegetation
may have been experiencing an
inundation level greater than it
could handle. If this transition
was occurring, the high marsh
vegetation robustness would
continue to decline, and high
marsh vegetation would
eventually replace it. This
generates a concern regarding
internal marsh vulnerability and
Figure 28. Elevation means and standard errors of the three
potential water logging in this
vegetation communities in the Upper Township MOI. Spa=
area. As with the Lower
Spartina alterniflora. Asterisks indicate significant differences by
Township MOI, this potential
factor levels from Tukey post-hoc analysis. Means for each bar
concern was address by
noted at their base.
collecting data regarding
substrate firmness (i.e. bearing
capacity).
Bearing capacity was significantly lower in the short S. alterniflora strata (1.28±0.19) than in the tall
(2.75±0.25) strata (Fig. 29c). These data show that in short-form, or higher, areas (Fig. 14) the substrate was
more firm and resistant to penetration. This result was not reflected in the difference in mean bearing capacity
by elevation zone (Fig. 29d), likely due to the presence of short-form in elevation zone 3 (Table 5), which
reduced the average. The area of short S. alterniflora at high elevation (Fig. 14) with reduced vegetation
robustness (Fig. 30) was an area where potential waterlogging was a concern. Bearing capacity data at this
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location (Fig. 31) indicate that this area contains the firmest substrate monitored. If water logging was
occurring, it is likely that greater bearing capacity (e.g. softer sediments) would have been measured. Although
some areas displayed greater bearing capacity across the MOI, all measurements were in the "low" range and

were not a cause for immediate concern
.
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Figure 30 Vegetation robustness across the Upper Township MOI marsh platform.
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Figure 31. Bearing capacity across the Upper Township MOI marsh platform.
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Final Vulnerability Analysis and Candidate Actions
The final vulnerability of the Upper Township MOI was rated: "Mid-Low" vulnerability for the low marsh
vegetated areas along the creek; “Low-Low " for the slightly elevated high marsh area near the creek head and
behind the main channel low marsh; and "Lowest-Low" for the majority of the expansive high marsh area (Fig.
32). This assessment indicated that the MOI appeared to be at an appropriate elevation within the local tidal
prism for a resilient, diverse marsh community. The vegetative community did not show any extraordinary
signs of impairment, and there did not appear to be any elevation-related issues. As the edge area was at a
Mid-Low level vulnerability status, there was minor concern that it was susceptible to some detrimental eventbased actions (i.e. edge erosion and/or enhanced edge inundation).
Neighbors within the local community related information regarding periodic flooding of the road in the area ,
but no information was provided to indicate if the flooding at the MOI was greater than the overall flooding in
the larger area. Based on the elevation data, it is unlikely that the marsh is acting as access point for flood
waters to access the road. The vegetation community indicated that the marsh is not inundated a majority of the
time. The boat ramp and non-vegetated area to the south may be acting as gateways for water to enter the
roadway. One item of note is that a living shoreline will be installed along the Bay marsh edge to the south
and west of the boat ramp. As the adjacent marsh (the MOI) appeared to be healthy and robust, it will be
worth extending living shoreline monitoring into the MOI behind the edge, to document any marsh condition
changes that may occur post living shoreline installation.
Historical imagery showed very little change in the marsh interior over the last decade. Stabilizing the edge
will likely not have an adverse effect on the interior platform as long as the mouth of the drainage creek is not
blocked. As living shorelines are a new technology, and recent monitoring activities have begun to provide
valuable reference data regarding performance and goal-meeting, it will be important to track spatial and
temporal effects across nearby habitats. The living shoreline installation at the waterward edge of the MOI
will provide a valuable opportunity to enhance monitoring data regarding adjacent marsh trajectories and
impacts. The data presented in this report will be able to serve as baseline conditions. Recommendations for
candidate actions at the Upper Township MOI consist of continued monitoring of: 1) elevation profiles; 2)
vegetation robustness; and 3) bearing capacity to track any changes as a result of the living shoreline
installation.
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Figure 32 Final Vulnerability (FV) scoring across the Upper Township MOI
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Table 7. Results for Upper Township. Strata refers to the specific vegetation per elevation zone: DS=Dense Spartina; SS= Sparse Spartina; NV= No Vegetation; number refer to the elevation zone. Vegetation Robustness value in parenthesis is rounded value for
FV score calculation. Action Items (bold) in last row describes next-step suggested actions. Data is divided by north and south sub-MOIs.

North Sub-MOI

South Sub-MOI

Strata

DS2

DS3

DS4

SS2

SS3

NV1

NV2

DS2

DS3

DS4

SS2

SS3

NV1

NV2

Vegetation Robustness

0.87+/-0.06

0.95+/-0.02

0.97+/-0.01

0.44+/-0.11

0.27+/-0.08

0.00

0.00

0.83+/-0.04

0.90+/-0.04

0.83+/-0.10

0.31+/-0.07

0.44+/-0.04

0.00

0.00

(0.9)

(1.0)

(1.0)

(0.4)

(0.3)

(0.0)

(0.0)

(0.8)

(0.9)

(0.8)

(0.3)

(0.4)

(0.0)

(0.0)

Bearing Capacity

6.17+/-2.33

3.5+/-1.44

2.25+/-0.52

5.33+/-1.42

5.67+/-2.19

8.50+/-1.52

6.16+/-0.44

3.75+/-0.63

2.42+/-0.17

3.08+/-0.42

6.08+/-1.47

9.5+/-1.25

9.41+/-0.68

9.42+/-2.95

Elevation Based
Vulnerability Score

3

3

3

3

3

3

3

3

3

3

3

3

3

3

Final Vulnerability Score

2.87

2.95

2.97

2.44

2.27

2

2

2.83

2.90

2.83

2.31

2.44

2

2

Final Vulnerability Level

Mid-Low

Mid-Low

Mid-Low

Mid

Mid-High

High-Low

High-Low

Mid-Low

Mid-Low

Mid-Low

Mid-High

Mid

High-Low

High-Low

Action Items

Maintain
elevation
and veg
density

Maintain
elevation
and veg
density

Maintain
elevation
and veg
density

Maintain
elevation;
increase veg
density

Maintain
elevation;
increase veg
density

Promote
drainage;
increase veg
density

Promote
drainage;
increase veg
density

Maintain
elevation
and veg
density

Maintain
elevation
and veg
density

Maintain
elevation
and veg
density

Maintain
elevation;
increase veg
density

Maintain
elevation;
increase veg
density

Promote
drainage;
increase veg
density

Promote
drainage;
increase veg
density

65 December, 2017 | Report No.17-03
A publication of the Partnership for the Delaware Estuary—A National Estuary Program

Table 8 Results for Lower Township. Strata refers to the specific vegetation per elevation zone: TS=Tall Spartina; SS= Short Spartina; number refer to the elevation
zone. Vegetation Robustness value in parenthesis is rounded value for FV score calculation. Actio n Items (bold) in last row describes next-step suggested actions.

Strata

TS2

SS3

SS4

SS5

Vegetation Robustness

0.84+/-0.05

0.75+/-0.19

0.71+/-0.17

0.73+/-0.18

(0.8)

(0.8)

(0.7)

(0.7)

Bearing Capacity

2.75+/-0.25

1.33+/-0.55

1.08+/-0.30

1.42+/-0.08

Elevation Based Vulnerability Score

3

3

4

5

Final Vulnerability Score

2.84

2.875

3.71

4.73

Final Vulnerability Level

Mid-Low

Mid-Low

Low-Low

Lowest-Low

Action Items

Monitor for change
post-living shoreline
installation

Monitor for change
post-living shoreline
installation

Monitor for change
post-living shoreline
installation

Monitor for change
post-living shoreline
installation

Summary: MOI Vulnerability and
Candidate Actions
Lower Township
Elevation-Based Vulnerability


The MOI was positioned at suitable elevation within the local tidal prism to support a healthy S.
alterniflora salt marsh (a process which needs ample sediment supply and plant productivity).



Although elevation was appropriate at this point in time, as sea-levels rise, the marsh may need to
build further elevation



The vegetative community will likely be able to trap sediment and continue to build elevation if a
suitable sediment source is available



Currently, the impacted culvert may be impeding proper sediment transfer, and restoring natural tidal
flow may remedy this

Biological and Substrate Vulnerability


The vegetative community has been colonizing the MOI at an observable rate since mitigation began
in 2012



The interior, denuded, and sparsely vegetated areas were characterized by soft, wet substrate that may
have been retaining water



Proper intra-marsh creek drainage appeared to be developing and evolving, but was not present to an
appropriate extent across all sub-MOIs

Final Vulnerability Assessment


The MOI had final vulnerability scores range from Mid-Low to High-Low



This range of vulnerability indicated that the MOI was moderately healthy and likely sustainable, but
may be susceptible to storm-event deterioration at its lower extent (near MW) and water retention at
its higher extent (near MHW)



Large scale short term changes in vegetation extent were likely given recent observations of
colonization, contribution to a transitory state (i.e. not full stability)



Due to its position relative to the Delaware Bay, storm deterioration is deemed unlikely



Denuded, soft areas in the MOI interior indicate that water retention may be a possibility

Candidate Actions


Continued monitoring is recommended across the MOI to assess the following trajectories:
a.

The marsh platform maintains its current elevation profile relative to the local tidal prism
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b.

The sparse and non-vegetated areas increase in robustness, or that pannes currently in the
process of forming do not expand across sub-MOIs to form deeper ponds

c.

Areas currently characterized by soft substrate (i.e. high bearing capacity) develop or
maintain adequate drainage to prevent interior water retention

It may be advantageous to reestablish proper tidal flow to the MOI by either replacing or augmenting
the current culvert/tide gate

Upper Township
Elevation-Based Vulnerability


The MOI was positioned at suitable elevation within the local tidal prism to support healthy low and
high marsh community



Although elevation was appropriate when surveyed, as sea-levels rise the marsh may need to build
further elevation



The vegetative community will likely be able to trap sediment, if available, and continue to build
elevation



Adequate drainage will be important to vegetative productivity over time should sea level cause
problematic or unsustainable interior ponding



Living shoreline plans for the Bay-side marsh edge, should avoid the creek mouth, so as to allow ebb
and flood tide access for sediment management

Biological and Substrate Vulnerability


The vegetative community appeared diverse, healthy, and robust



There may have been some creek modifications occurring at the creek-head, but as of now, it is not
raising concerns

Final Vulnerability Assessment


The MOI had a Mid-Low to Lowest-Low final vulnerability scoring range



This range of vulnerability indicates that the MOI was healthy and sustainable.



There is no area for future marsh transgression, so maintaining this marsh in its present position will
be important

Candidate Actions


Continued monitoring is recommended across the MOI to assess any changes that may occur after the
living shoreline installation regarding:
a.

Marsh platform elevation profiles relative to the local tidal prism

b.

Vegetation robustness; it is important that it does not decline

c.

Marsh creek drainage; that the living shoreline does not inhibit hydrologic flow
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