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I.

Introduction

Living shorelines represent a promising new approach to stabilize eroding shorelines, enhance ecological
health, and promote water quality along coastal areas that are increasingly challenged by sea level rise,
boat traffic, degraded water quality, and increased storm severity (among other stressors). In
comparison to traditional tactics to stabilize shorelines such as bulkheads and rip rap, living shorelines
support essential ecological connectivity including hydrologic exchange and biotic use, while also taking
advantage of the natural resilient properties of healthy ecological assemblages (PDE 2012a). For more
information about living shorelines, please see: http://www.delawareestuary.org/living‐shorelines.
Since 2007, the Partnership for the Delaware Estuary (PDE) has worked jointly with the Haskin Shellfish
Research Laboratory at Rutgers University to study whether and how living shorelines can be developed
for the Mid‐Atlantic region. We have developed new tactics that utilize native fauna and flora (PDE
2011), and have also explored the use of tactics practiced elsewhere but which have not yet been tested
in our area due to limited funding. We have also assisted state and federal managers in developing new
permitting rules to ease the path for future living shorelines, and we have prepared conceptual designs
for dozens of new projects to serve as demonstration sites for contractor training and public outreach,
pending funding (e.g., PDE 2012b, c).
Currently, interest in living shoreline tactics is rapidly growing within the Delaware Estuary and beyond,
largely spurred by lessons learned from Hurricane Sandy. Built infrastructure that was buffered by
natural habitats such as coastal wetlands and beach dunes appeared to suffer far less damage than
properties adjacent to areas where those natural habitats had been compromised (Figure 1). Numerous
studies are in progress to quantify and compare the various costs and benefits of natural habitats, living
shorelines, and traditional hard tactics such as rip rap and bulkheads. In the Delaware Estuary,
approximately an acre per day of coastal wetlands are vanishing (PDE 2012 d, e), and living shorelines
are increasingly viewed as one of several new approaches that may help to stem this loss of resilient
natural infrastructure.

Figure 1. Photos from Matt’s Landing, Maurice River, NJ, after Super Storm Sandy. Left shows debris on
bulkhead. Middle shows flooding of washed out access road two months after storm. Right shows
undamaged DELSI Living Shoreline (Photo Credits: Dr. Dave Bushek, Rutgers).
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Despite increased interest, only a few living shoreline projects have been installed in our area. There are
virtually no local scientific studies of the performance and long‐term viability of these projects. It is
therefore vital that the science and management community work together to assess outcomes and
outputs from implemented local projects and to facilitate standardization and sharing of monitoring
data and lessons learned (PDE 2014). The purpose of this paper is to propose a monitoring framework
for living shorelines that can serve the diverse needs of agencies, academics, non‐profits and other
project implementers. We anticipate that this framework will be revised with additional input from our
partners, experts on technical committees, and following lessons learned as we work to apply this
framework to our own projects in the upcoming year.

II.

Definitions and Scope

The term “Living Shorelines” has been applied to a diverse array of tactics and projects in many types of
coastal environments. The monitoring framework proposed here is designed for projects that meet the
following criteria.

III.



They are implemented in coastal areas that are tidally influenced; specifically, ranging between
2 meters below mean lower low water (MLLW) and 1 meter above mean higher high water
(MHHW). Generally, living shorelines are being implemented in the intertidal zone and shallow
subtidal. We do not restrict the sample frame by salinity, since the Delaware Estuary has a large
freshwater tidal area.



They meet the PDE definition (PDE 2012a) of a living shoreline: “A living shoreline is a method
of shoreline stabilization that protects the coast from erosion while also preserving or enhancing
environmental conditions.” Consistent with this, a more formal definition is being developed by
the State of Delaware Living Shoreline Committee, and a draft version is provided here:
“For tidal systems, the term “Living Shoreline” represents a number of treatments and
techniques that: 1) offer resilience to shorelines from acute wave and/or surge energies,
chronic tidal and wake energies, and/or rises in sea level; 2) utilizes predominantly
natural materials and/or processes exclusively or in combination with a structural
(hybrid) component; and 3) sustains, enhances, and/or restores ecological functions and
connections between uplands and aquatic areas. A living shoreline must result in a net
increase in ecological function (e.g., vegetation, substrate, water quality, wildlife
utilization, etc.) occurring between land and the adjacent subtidal zone.”

Overview and Approach

A framework is proposed that will allow any entity to select appropriate metrics, methods, and
statistical design based on project goals, budget and timeline. This framework is based on lessons
learned from our monitoring of our previous living shoreline projects (PDE 2011, Whalen et al. 2012),
input from representatives from the State of Delaware Living Shoreline Committee, and notes from a
recent workshop by the USFWS on post‐Sandy projects being implemented at mid‐Atlantic National
Wildlife Refuges (USFWS 2014). Fundamental considerations are listed below:
1. What are the goals of the project? In almost all cases, shoreline stabilization is sought, but why?
Is it to protect essential fish habitat, to enhance water quality, to protect homes, or to stabilize
habitats laden with contaminants to protect against re‐release?
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2. Is monitoring required? Monitoring may be specified for contract enforcement, to gauge
success for mitigation, or simply to advance discovery? Is it optional?
3. What is your budget for monitoring? Scientific studies will typically require more rigorous and
expensive methods compared with private landowners who might not have any funding or
interest in monitoring.
4. What is your time horizon for monitoring? Related to budgets or grant periods, how long will
you be able to sustain some level of monitoring?
5. Do you intend to share monitoring results? As a National Estuary Program, one of our top
priorities is to promote and facilitate information sharing regarding lessons learned, and for this
we recommend uniform protocols be adopted. Negative results (failures) are just as important
as successes.
Core versus Supplemental Metric Types. The monitoring framework distinguishes between core and
supplemental metrics (Figure 2). Core metrics consist of parameters that we recommend monitoring for
all projects. Core metrics include basic
measures to gauge general performance,
helping implementers and funders assess
project success in a consistent manner and to
facilitate adaptive management of the
existing or new project designs. Core metrics
should be collected using the same methods
among studies and projects (i.e., use
standard operating procedures, SOPs).
Supplemental metrics are those that are
tailored to assess whether a project is
meeting its specific goals (Fig. 2).
Physical, Chemical and Biological Attributes.
For both core and supplemental types of
metrics, we classify them as assessing
physical, chemical or biological attributes.
For example, a recommended core physical
metric is sediment capture, whereas an
optional supplemental physical metric is
wave height. A recommended core
biological metric is vegetation robustness,
whereas an optional supplemental biological
metric is belowground biomass. See Section
IV for lists of metrics.

Figure 2. “Supplemental” monitoring metrics are
designed to assess whether the specific goals of a
living shoreline are met, as shown here by the three
example goals. “Core” metrics gauge performance
and promote standardized data comparability among
all living shorelines.

Metrics versus Methods. Metrics are specific parameters used to assess general features, whereas
methods are the actual techniques that are used to assess the metrics. For every metric, our goal is to
provide methodological options, ranging from more rigorous (but often more expensive and technical)
to more basic (often easier, quicker, and more general). Regardless of whether the methods selected
are rigorous or basic, our goal is to promote widespread use of standardized SOPs to allow for data
comparisons with other monitoring efforts.
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BACI Statistical Design. For all living shoreline monitoring, we recommend use of the same statistical
approach, the Before‐After‐Control‐Impact (BACI) design. This is a straightforward two‐way
comparative approach whereby the shoreline that is treated (Impact Area) is directly contrasted with an
untreated shoreline that is nearby and in a similar initial state (Control Area); i.e., the Control is
representative of prevailing conditions at the treatment (Impact) sites.
Control areas are not to be confused with a “reference” area, which typically refers to a high quality site
that demonstrates the best possible conditions. In some more detailed studies, scientists and managers
may elect to also identify a reference site with which to contrast living shoreline outcomes to gauge
whether a treatment facilitates the adoption of traits seen in areas exhibiting optimal conditions. In
other studies, outcomes from treatments and controls might be contrasted with sites treated to
traditional hard tactics. For that purpose, we suggest that the BACI design still applies since there is no
restriction on the number of different treatments (Impact Area Types). But in all cases, we recommend
that a Control area be set up as near to the Impact Area as possible and having conditions that are
“representative” of the baseline conditions in the treatment areas.
Once the Impact and Control areas are established, they should be subjected to baseline monitoring
prior to implementation of any treatments (Before). Subsequent to project implementation, they
should be monitored at various points in time (After), depending on the nature of the project and the
budget. Typically, we recommend that some metrics be collected immediately following installation at
frequent intervals, such as to gauge sediment trapping; whereas, other metrics such as vegetation
robustness may take a longer time to develop and can be sampled less frequently at the start.
Numerous statistical software programs and tests have been developed to analyze results from BACI
designed studies. By including a control, the changes that are observed over time on a treatment can be
discerned from any natural changes that might have occurred (e.g. among years) as a result of
environmental or climate conditions. This adds power to any findings. Still to be developed are
standards for data formatting and sharing, a need that should be addressed by the State of Delaware
Living Shoreline Committee and other similar technical workgroups that are being planned.
The specifics of the BACI design are as follows. Each installation (Impact area), will be paired with a
Control area within which identical (or as similar as possible) spatial and temporal data collection will
occur. The attribute hierarchy will be as follows:
•
•
•
•
•

Site: There might be different treatment cells and controls for a project
Treatment: Impact or Control (there can be more than one Impact type/cell)
Period: Before or After Installation of Treatments (there can be many “After” measures)
Unit: a paired measurement of a metric; one measurement taken in (each) Impact area
and one taken in appropriate Control area(s)
Subsamples: Multiple paired measurements of a metric collected at plot locations along
transects positioned at equivalent spacing across each treatment from the most
seaward to the most landward extent of the Impact area, with identical setup in
Controls. Transects should be extended landward onto the marsh platform if
any landward benefits are to be gauged

Analysis of subsamples will be used to calculate the temporal variance of each metric (response
variable) and a linear regression will be constructed to assess the effects of each Treatment during the
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monitoring Period, for each metric. An effect of the installation can be identified as a significant
interaction between Period and Treatment in the model output.
Effect on Metric Over Time Due to Treatment= µ + Period + Subsample (At a Period Within a
Treatment) +Treatment + (Treatment*Period) Interaction Term + Error
This design will identify any significant impacts of the living shoreline on the metrics that are assessed.
Duration/Seasonality. We recommend that the monitoring plan consider the natural seasonal changes
in physical, chemical and biological conditions, and to target measures to times of the year that are
likely to yield the best comparisons. For example, vegetation robustness should be assessed during
peak growing season, whereas the use by certain transient fish species would be timed with their
occurrence. Ideally, sites should be monitored repeatedly at the same time of year per metric,
beginning pre‐installation and then following for as long afterward until conditions stabilize and no
further changes are seen.

IV.

Metrics and Methods

As noted above, core metrics are recommended for all
projects and supplemental metrics can be considered
optional measures that are selected based on specific
project goals. In most cases, there are likely to be various
options for the actual methods that are chosen, which can
be tailored to budgets, timelines and need for rigor.
The actual SOPs and full range of options for various
methods are not described here because we recommend
that these be discussed and adopted via the State of
Delaware Living Shoreline Workgroup and with input from
various other technical experts. Any methods listed here
are furnished as examples only (e.g., Fig. 2). In time, we
recommend that standardized SOPs be developed for every
method and shared to facilitate data consistency. On the
PDE website, we intend to create a webpage summarizing
monitoring protocols for living shorelines, which could also
host these SOPs.

1. Core Metrics
Suggested core metrics and examples of associated methods
are summarized in Table 1. Some of the metrics described
here may not be appropriate because they depend on the
type of living shoreline treatment being used; e.g. COIR logs
versus oyster shell breakwaters. The intent here is that if
COIR logs are being used, then their integrity should be
tracked.
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Figure 2. This feldspar marker horizon
is deployed on April 17, 2014, on the
same day that a living shoreline was
installed in Lewes, DE. Accumulation
of sediment on top of the marker
horizon will be measured over time
and compared to untreated control
areas nearby.
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Table 1. Summary of physical, chemical, biological and other features, metrics and example
methods recommended for core monitoring of all living shoreline projects, where possible.
Additional method options and standard operating procedures for each method are being
developed or are available upon request.

Type Attribute

Feature

Shoreline
Stabilization

Physical

Core

Structural
Integrity of
Materials

Chemical

Environmental
Conditions

Metric
Elevation Change at
Marsh Edge
Elevation Change Interior
Platform
Shoreline Slope/Contours
Position of Contiguous
Vegetated Shoreline
Sediment Capture
(Volume)
Coir Logs, Mats
Shell Bags
Wave Attenuation
Structures
Bivalve Recruitment
Structures
Other
Temperature
Salinity
Vegetation Robustness

Biological

Other

Ecological
Enhancement

Disturbance

Vegetation Integrity
Extent of Bivalve
Community
Inhibition of Fauna
Movement
Anthropogenic (e.g
vandalism)
Wildlife (e.g. geese
foraging)

Method Options
RTK‐GPS
RTK‐GPS
RTK‐GPS
RTK‐GPS
RTK‐GPS
Observations
Observations
Observations
Observations
YSI Measures
YSI Measures
Horizontal Vegetation
Obstruction
Stem Density/Height
Species Composition
RTK‐GPS, Lip Counts
Observations
Observations
Observations

2. Supplemental Metrics
Suggested supplemental (optional) metrics and examples of associated methods are summarized in
Table2.

6

PDE Living Shoreline Monitoring Framework – 4/22/14

Table 2. Summary of physical, chemical, biological and other features, metrics and example
methods recommended for supplemental monitoring to assess specific goals or needs
associated with various types of living shoreline projects. Actual methods and associated
standard operating procedures are being developed or are available upon request.
Type Attribute

Physical

Feature

Metric

Method Options

Sedimentation
Wave Climate

Sediment Accretion
Wave Height/Amplitude
Mass Transport Rate
Current Velocity
Sediment Texture, Grain Size
Sediment Organic Content
Channel Morphometry
Porewater Salinity
Dissolved Oxygen
Porewater Nutrients
Water Column Nutrients
Contaminants

Feldspar Marker Horizons
Water Level Loggers
Plaster Balls
ADVs, ADCPs
Grab Sample Analysis
Loss on Ignition

Energy
Sediment Character
Channelization

Chemical

Fouling (on treatments)

Non‐target Organism Coverage
Colonization by Invasives

YSI Measures
YSI Measures
Peepers, Analysis
Grab Sample Analysis
Grab Sample Analysis
TSS, Turbidity
Chlorophyll‐a
Quadrat Surveys
Quadrat Surveys

Submerged Aquatic
Vegetation

SAV Coverage

Quadrat Surveys

Water Quality

Supplemental

Water Clarity

Vegetation Complexity
Vascular Plant Robustness

Biological

Faunal Composition/Richness

Aboveground Biomass
Belowground Biomass
Gastropods (snails)
Crustaceans Burrowing (Fiddlers)
Crustaceans/Blue Crabs ‐ Motile
Horseshoe Crabs
Infauna
Tubeworms (e.g. Sabellaria)
Fish
Avifauna
Mammals
Reptiles (e.g. terrapins)
Bivalve Density by Species
Bivalve Demographics
Bivalve Recruitment
Bivalve Condition/Health

Other
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Public
Perception/Interpretation

Visitation
Environ. Education
Perception of Community Resilience
Recreational/Commercial Fishing
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Horizontal Vegetation
Obstruction
Light Attentuation by
Canopy
Weight of Clippings
Analysis of Cores
Quadrat Surveys
Quadrat Surveys
Seines, Traps, Nets
Observations
Quadrat Surveys
Quadrat Surveys
Seines, Traps, Nets
Observations
Observations
Observations
Quadrat Surveys
Quadrat Surveys
Quadrat Surveys
Physiological Condition
Index
Observations
Observations
Surveys
Observations

The plot layout for monitoring of a living shoreline should be tailored to the unique features and linear
feet (scale) of each project. In general, each replicate cell or shoreline reach should be paired with its
own control, unless the various treatment cells are identical in scale and features in which case fewer
controls might serve more numerous impact treatments.
An example of a plot layout for one of PDE’s planned 2014 projects is shown in Figure 3. As can be seen,
a control area is matched with each of three treatment areas because this site has an energy gradient
where Treatment 1 experiences less wave and current energy than Treatment 3. We plan to install a
hybrid living shoreline at the higher energy treatment (oyster reef breakwaters paired with intertidal
logs), whereas Treatments 1 and 2 will consist of just intertidal treatments, but Treatment 1 will be
smaller and linked to existing rip rap, making it different from Treatment 2. For each treatment and
control, five parallel transects will be established perpendicular to the shoreline, and various core and
supplemental metrics will be assessed along these transects extending from approximately MLLW to
MHHW. Baseline (pre‐installation) conditions will be assessed at this site at least once prior to
installation and then will be monitored for at least two years, contingent on funding. The supplemental
metrics selected for this site will focus on water quality and ecological enhancement to gauge
performance relative to the priorities of the funder in this case.

Figure 3. Example of a monitoring plot layout at the planned Mispillion River, Delaware, living
shoreline project expected to be installed in 2014.
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V.

Contacts

PDE:
Danielle Kreeger, Ph.D., Science Director, dkreeger@delawareestuary.org
Joshua Moody, Restoration Coordinator, jmoody@delawareestuary.org
State of Delaware Living Shoreline Committee
Bart Wilson, Science Coordinator, Center for Inland Bays (Committee Co‐Chair), science@inlandbays.org
Brian Boutin, Director of Conservation Programs, The Nature Conservancy Delaware Chapter (Chair of
Monitoring Subgroup), bboutin@TNC.ORG

VI.
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