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Executive Summary 

ARCADIS U.S., Inc., has partnered with the Stevens Institute of Technology and has been supported by 
The Nature Conservancy, the New York City Department of Parks & Recreation, Mathews Nielsen 
Landscape Architects, and SCAPE Landscape Architecture to conduct the principal research on coastal 
green infrastructure (CGI) strategies. Available literature has been reviewed to determine the status of the 
science related to these strategies, including unknowns and data gaps related to each strategy, in order to 
develop a research agenda to guide future in-depth studies that will: 

· Advance the understanding of the benefits and impacts of CGI strategies; 
· Mitigate coastal hazards; and  
· Enhance ecological services.  

The goal is to deliver a research agenda that will advance an understanding of the benefits and costs of CGI 
strategies, to ultimately facilitate the selection and implementation of projects which can most successfully 
improve resiliency in the New York City (NYC) coastal environment. 

CGI strategies are defined as those that create, restore, or emulate natural coastal features as well as 
provide the potential benefits of reducing erosion and mitigating storm surge, wave action, and still-water 
flooding associated with coastal flood events. Six CGI strategies that are potentially applicable to NYC 
coastal areas were the focus of this research. The selected strategies include: 

· Constructed wetlands and maritime forests; 
· Constructed reefs;  
· Constructed breakwater islands; 
· Channel shallowing; 
· Ecologically-enhanced bulkheads and revetments; and  
· Living shorelines (sill-type).  

Each CGI strategy was thoroughly reviewed from the aspects of hazard mitigation potential, ecological 
benefits, and failure drivers, from which unknowns and data gaps were identified. In parallel, preliminary 
investigations were conducted related to existing regulations for CGI projects, data collection and 
dissemination, and conceptual models that would synchronize science, data, and policy. Building upon the 
review of data gaps and unknowns in the literature, research agendas and tasks have been developed to 
improve our understanding of CGI strategies. Three workshops were held as part of this study. The first was 
a kickoff meeting held in December 2013 to introduce stakeholders to the project, and discuss the context 
and scope. The second was held in April 2014, focusing on regulatory considerations. The third in October 
2014 included over 40 participants from 21 agencies, companies and institutions to discuss improvements 
and additions to the draft research plan. All workshops included participation of scientists, engineers, 
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managers, and regulators. Diverse and constructive comments were received, aiding in the refinement and 
development of the research plan. 

The research plan consists of two agenda groupings: meta-strategy agendas and strategy-specific agendas. 
The meta-strategy research agendas include tasks that will benefit all CGI strategies in NYC. The strategy-
specific research agendas target individual CGI strategies with the goal of clarifying how CGI strategies best 
provide hazard mitigation and improved habitat values. For each research agenda, one or multiple sub-
tasks are designed for clarifying the desired outcomes and qualified personnel. 

In the meta-strategy agendas, eleven research topics are described, including 1) cross-science topics like 
the development of conceptual models and CGI strategy prioritization for shoreline reaches, 2) cross-
agency topics like the development of data and metadata sharing platforms and implementation and 
monitoring of pilot projects, 3) baseline science and data improvement topics like consistent monitoring 
protocols and sediment, ice, and vessel wake studies, and 4) topics which can support the regulatory review 
process such as the development of rapid project assessment tools. Many of these research agendas would 
be most successful with cross-agency coordination and diverse funding sources.  

The strategy-specific research topics are identified as the top priorities for understanding each CGI strategy 
and promoting effective implementation. For instance, the understanding of vegetation-induced flow 
resistance can be advanced to better quantify the hazard mitigation potential (e.g., wave attenuation) of a 
constructed wetland and other CGI strategies. Additionally, the design and implementation of ecologically-
enhanced bulkheads and revetments, as well as living shorelines, can be improved by developing design 
guidelines. 

The research agendas in this report aim to lay the foundation for the coordination of future research items in 
the New York City area based on the current status of the science. As research items are addressed and 
new demands and questions emerge, this research plan should be modified to focus coordination and 
collaboration related to the advancement of CGI strategies. In the near term, this research agenda will be 
most impactful if the research agenda items stimulate collaboration amongst agencies, institutions and other 
stakeholders to prioritize items, including the research agendas described, to cooperatively advance the 
science of CGI strategies. 
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1. Introduction 

ARCADIS U.S., Inc. (ARCADIS) partnered with the Stevens Institute of Technology and was supported by 
The Nature Conservancy (TNC), the New York City Department of Parks & Recreation (NYCDPR), 
Mathews Nielsen Landscape Architects, and SCAPE Landscape Architecture to conduct a literature review 
of Coastal Green Infrastructure (CGI) strategies intended to reduce coastal flood risks and enhance 
ecological services. The goal is to deliver a research agenda for guiding future in-depth studies that will 
advance an understanding of the benefits and costs of CGI strategies, to ultimately facilitate the selection 
and implementation of projects which can most successfully improve resiliency in the New York City (NYC) 
coastal environment. For the purposes of this study, CGI strategies are defined as those that create, 
restore, or emulate natural coastal features, as well as provide the potential benefits of reducing erosion and 
mitigating storm surge, wave action, and stillwater flooding associated with coastal flood events. These 
strategies are often referred to as living shorelines, ecological engineering, or natural and nature-based 
features (Mitsch and Jørgensen 2004; DNRMD 2014; Guise 2014).  

 Motivation 1.1.

The New York State Department of Environmental Conservation (NYSDEC) Hudson River Estuary (HRE) 
Program Action Agenda outlines specific goals and targets related to helping communities adapt to sea-
level rise and severe storms. One objective is to develop guidance for local governments on shoreline 
adaptation strategies to respond to shoreline inundation along the estuary and its tributaries from the Troy 
Dam south to the Verrazano Narrows. Another objective is to identify management techniques and 
measures that promote sustainable shorelines and develop and disseminate guidance on shoreline 
protection options to respond to sea-level rise. The Estuary Program boundaries end at the Verrazano 
Narrows; however, large-scale solutions to increase resilience to flooding in NYC would likely affect the 
entire estuary ecosystem. For this reason, the Estuary Program is supporting an evaluation of CGI 
strategies that would be appropriate for all of NYC. The New England Interstate Water Pollution Control 
Commission (NEIWPCC) strives to coordinate activities and forums that encourage cooperation among 
the states, educate the public about key water quality issues, support research projects, train 
environmental professionals, and provide overall leadership in the management and protection of water 
quality. Through a partnership with NYSDEC, NEIWPCC supports the HRE Program by providing 
technical assistance and program support. 

Over the course of decades, efforts have been made in NYC to establish policies for development and use 
of the waterfront and to provide the framework for evaluating the consistency of all discretionary actions in 
the coastal zone (New York City Department of City Planning [NYC DCP] 1982; NYC DCP 2002; The City of 
New York 2011; NYC DCP 2011; MWA 2014). Triggered by Hurricane Sandy (2012), the NYC Special 
Initiative for Rebuilding and Resiliency (SIRR) and the North Atlantic Coast Comprehensive Study (NACCS; 
USACE 2014) were initiated in succession. The former analyzed the impacts of extreme events and long-
term changes in climate on infrastructure, buildings, and the economy over the medium term (2020s) and 
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long term (2050s). It is stated that a “resilient” city is defined as one that is “able to bounce back after 
change or adversity” and “is capable of preparing for and responding to difficult conditions” (The City of New 
York 2013). The NACCS was targeted toward reducing flood risk to vulnerable coastal populations and 
promoting resiliency of coastal communities to ensure a sustainable and robust coastal landscape system, 
considering future sea-level rise and climate change scenarios.  

Given the uncertainties in future coastal hazards, a more sustainable and adaptable solution is required to 
protect shoreline areas. Natural wetlands, barrier islands, and shorelines should be conserved wherever 
possible for their hazard mitigation and obvious ecological benefits. Unfortunately, their extent has been 
dramatically reduced over time due to development, dredging, and other human impacts. Most of the 
existing traditional coastal hazard mitigation measures, such as bulkheads, seawalls, revetments, and 
riprap, often lack adaptability and can have detrimental ecological effects including water quality 
degradation, sediment starvation, shallow water habitat damage, and/or waterfront access limitations. Due 
to the vast stretches of existing infrastructure on the coastline, identifying ways to build and retrofit shoreline 
mitigation measures will be critical to improving the City’s resiliency against coastal hazards while 
preserving the economic, social, and ecological well-being of the region. With the role of the ecosystem in 
protecting waterfront communities from coastal hazards becoming more recognized (e.g., Barbier et al. 
2013), CGI strategies are becoming more widely used on coastlines around the United States and 
internationally (Swann 2008; De Vriend and Van Koningsveld 2012; Bridges et al. 2013; TNC 2013). 
Planning efforts over the last 30 years by multiple agencies in NYC, including the DCP, demonstrates the 
local aspiration to advance the integration of CGI strategies in its coastal protection. However, there are 
many unknowns related to CGI strategies’ potential to mitigate coastal hazards and enhance ecological 
services. Improving the understanding of these strategies can advance project design and streamline 
implementation, evaluation, long-term operations, and maintenance. 

 Research Priorities 1.2.

In order to improve the design and implementation of CGI strategies, it is critical to first improve the 
understanding of these strategies’ ecosystem goods and services and hazard mitigation potential. CGI 
strategies are often intended to mitigate event-based hazards and gradual hazards. Event-based hazards 
happen during an acute event, such as storms, according to the Urban Waterfront Adaptive Strategies study 
(NYC DCP 2013). These hazards include storm surge induced flooding, wave forces, and sudden erosion. 
Gradual hazards, on the other hand, affect coastal communities chronically, such as gradual erosion due to 
daily marine forces and frequent and extended flooding during high tides worsened by continued sea-level 
rise. The NYC Panel on Climate Change projects that sea levels in NYC will rise between 8 and 30 inches 
by the 2050s and between 15 and 75 inches by 2100 (NPCC 2014). CGI strategies to mitigate the risks 
posed to the shoreline under both current and future sea-level rise scenarios will need to be tailored to the 
specific nature of the shoreline vulnerability itself.  
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CGI strategies are innovative measures, which often challenge the traditional regulatory process, require 
extensive data collection and advanced scientific assessments. Data gaps, unknowns, and implementation 
challenges, including existing regulatory considerations, were identified through literature review, team 
discussions, expert interviews, and workshops. High-priority research topics were recommended on the 
basis of gaps and questions identified during the literature review, as well as through discussions with 
stakeholders and workshops.  

In the present study, six types of CGI strategies with the highest priority for NYSDEC and NYC DCP were 
selected from the list of potential adaptive strategies in the Urban Waterfront Adaptive Strategies study 
(NYC DCP 2013) to be further analyzed. These strategies are listed below. A brief definition is added here 
for an overview. More detailed definitions are provided in Section 3, Literature Review, for each individual 
strategy type. 

· Constructed wetlands and upland maritime forests are new or restored coastal wetlands that lie in 
sheltered and low elevation areas from mean tide level to spring high tide and forest that develop above 
the spring high tide level. Upland maritime forests are new or restored forests that can tolerate high 
salinity and sandy soils at an elevation above the spring high tide level. 

· Constructed reefs are artificially made reefs that are emergent, near-emergent or fully submerged and 
are designed for a variety of goals including wave attenuation, fish habitat, oyster restoration, 
recreational diving, protection of endangered habitats, and others. 

· Constructed breakwater islands are artificial islands that mimic sand bars, wetland islands, or 
structured rocky habitat and protect oceanfront areas from wave action. 

· Channel shallowing is a strategy of reducing estuary or inlet depths to reduce the inland penetration of 
storm tides and can be a form of restoration in dredged systems that were historically shallower. 

· Ecologically-enhanced bulkheads and revetments are hardened shore armoring structures with 
ecological elements. 

· Living shorelines, specifically sill-type for this study, are soft shore stabilization treatments that require 
sediment fill, sill, and planting. 

The research plan is intended to be a living document and can be updated as new information is obtained, 
information is developed, and information gaps are filled. Given the multiple interests, agencies, and 
stakeholders, this research plan can serve as a platform for collaboration and to encourage interagency 
communication and coordination toward similar goals. 

 Workshops 1.3.

As part of this study, three workshops were held to discuss regulatory challenges and recommended 
research topics. In all workshops, participants included scientists, engineers, managers, and regulators. The 
kickoff meeting held on December 9, 2013 introduced stakeholders to the project, presented an overview of 
related initiatives in the region, and generated initial discussion about priorities and goals. The workshop 
held on April 25, 2014 was devoted to discussion of the existing regulatory framework, which raised a 
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variety of concerns and challenges including but not limited to required data categories, existing data gaps, 
baseline data collection, project impacts and benefits evaluation, pilot project scales and existing permitting 
processes. Overall, the discussion emphasized the importance of this study and the close relationship 
between this research plan and regulation of CGI projects. Critical components of future studies, such as 
pilot project identification and prioritization, development of monitoring protocol, development of habitat 
evaluation models and regulatory evolution were brought forward and became some of the research 
recommendations in this study.  

  

The second in October 2014 concentrated on improving the identified research agendas. Over 40 
participants from 19 agencies, companies and institutions attended to discuss improvements and additions 
to the draft research plan. Organizations that attended the workshop are listed alphabetically as follows: 

• ARCADIS U.S., Inc. 
• Consensus Building Institute 
• Environmental Defense Fund 
• Environmental Protection Agency, Region 2 
• Hudson River Foundation 
• Interstate Environmental Commission 
• Mathews Nielsen Landscape Architecture 
• New York City Department of City Planning 
• New York City Department of Parks & Recreation 
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• New York City Economic Development Corporation 
• New York State Department of State 
• New York State Department of Environmental Conservation  
• Ocean & Coastal Consultants 
• Port Authority of New York and New Jersey 
• Princeton University 
• SCAPE/Landscape Architecture 
• Stevens Institute of Technology 
• The Natural Conservancy 
• US Army Corps of Engineers, New York District 

Discussion in the workshop was guided by a pre-meeting survey that prioritized the research topics per the 
preferences of invited individuals. Management-level and data collecting research agendas were the highest 
ranked meta-strategy agendas. Improving the understanding of hazard mitigation potential due to vegetation 
and corresponding shoreline resiliency was the highest priority strategy specific agenda item. The research 
agendas in the final report are influenced by the discussion in both workshops. Meeting minutes are 
available for each workshop. 

 Document Format 1.4.

The subsequent sections of the document are as follows. 

Section 2 (Regulatory Considerations) provides overall comments and recommendations on regulation and 
permitting for innovative CGI strategies. The focus is the need for improved scientific understanding of 
selected strategies to facilitate the consistency and efficiency of permitting. 

Section 3 (Literature Review) documents the status of the science, data gaps, unknowns, and research 
direction for each strategy. 

Section 4 (Data, Monitoring, and Integration) describes the current state of observation data availability, data 
scarcity in time and space, and a potential data sharing and information transferring platform; recommends 
the development of conceptual models and cross-table monitoring protocol; and indicates a path forward. 

Section 5 (Meta-strategy Research Plan) describes the goals, objectives, research approaches, and 
expected contributions for research tasks that will benefit multiple CGI strategies in NYC. 

Section 6 (Strategic Research Plan) describes CGI strategy-specific research goals, objectives, research 
approaches, and expected contributions. 
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Section 7 includes a table that ranks all research agenda items according to four criteria:  Fundamental 
Principles, Chronology, Regional Applicability, and Affordability. Detailed supporting information is provided 
in Sections 5 and 6. 

Section 8 lists literature cited in the text. 
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2. Regulatory Considerations  

Because CGI strategies have the potential to impact local ecosystems and adjacent waterfront property, 
most of the CGI strategies discussed in this report will be subject to the same regulatory and permitting 
processes as traditional shoreline armoring infrastructure and waterfront development. As such, many of 
the strategies discussed in this report could be incompatible with the current enabling legislation and 
regulations and will therefore be challenging to implement. For example, Title 6, New York Codes, Rules 
and Regulations, Section 661 (6 NYCRR §661) contains specific language restricting the placement of 
“fill” in waterways, which would effectively prohibit most of the CGI strategies discussed in this report. 
Other regulatory challenges include personnel limitations; unknowns related to costs and benefits of CGI 
including uncertainty associated with the performance of a given strategy in a certain location; potential 
impacts (positive or negative) on the surrounding ecosystems; public health concerns; and social 
concerns. This section will briefly discuss the current framework of the permitting process, limitations of 
the permitting process, and some regulators’ concerns. Lastly, this section will recommend areas of 
further research to address the concerns.  

The legislation relevant to CGI mostly relates to the regulation of tidal wetlands (6 NYCRR §661, 
Article 25 of Environmental Conservation law) and was put in place in order to avoid or mitigate the 
negative impacts of human-made construction on tidal wetlands with a strong emphasis on limiting 
actions that are not “what is reasonable and necessary” (6 NYCRR §661.9). According to the legislation, 
a project “must not endanger the health, safety or welfare of the people of the state of New York, and 
must not cause unreasonable, uncontrolled or unnecessary damage to the natural resources of the 
state, including soil, forests, water fish, shellfish, crustaceans and the aquatic and land-related 
environment.” Further, projects must maximize aquatic habitat in all possible settings, even those 
challenged by urban development. Additional regulations and permitting requirements governing coastal 
infrastructure are those of the Clean Water Act (concerning 404 permits), the state’s Coastal Zone 
Management Program, which is administered by the New York Department of State (NYDOS), and the 
NYC Waterfront Revitalization Program, administered by the NYC DCP. 

The inherent challenge of restoring aquatic ecosystems and implementing CGI within the existing 
regulatory framework can be illustrated with salt marsh, which, in NYC, typically occurs in a narrow fringe 
between developed infrastructure and mudflats or open water. Many of the ecosystem services defined 
for wetland systems are dependent on wetland size. Because salt marsh areas are significantly limited in 
NYC where open space is relatively scarce and land is valued at a premium, placing fill in mudflats could 
be a way to restore some salt marshes to an appropriate size without taking too much land away from 
development. However, replacing mudflat habitat with another habitat type is difficult to permit under the 
enabling legislation. A thorough habitat tradeoff analysis is needed to evaluate mudflat habitat values 
versus converted salt marsh habitat values. Having this type of study up-front can provide guidance to 
conditionally permit salt marsh construction from mudflats. Subordinate clauses may include size of 
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residual mudflats, ratio of water area to marsh area, abundance of key fish species, wave reduction 
potential, etc.  

More frequent implementation of CGI in NYC and the State may ultimately require changes to regulatory 
processes that can streamline CGI permitting. Research by the Georgetown Climate Center (2013) 
showed that most standard U.S. Army Corps of Engineers (USACE) permitting favors a “hard” 
engineering approach to shorelines. However, in precedents from Alabama and Maryland, states have 
worked with the USACE to encourage CGI strategies, through Programmatic General Permits and 
Regional General Permits, as well as offering to provide additional technical guidance on design, 
construction, and evaluation of CGI. Similarly, CGI strategies in Virginia and Rhode Island are more 
widely applied than elsewhere, in part due to changes in governing legislation. While these specific 
permits may not be applicable in NYC and New York State, a similar process toward streamlining CGI 
permitting could be proposed to justify a framework for a potentially simpler and quicker decision. For 
example, where results of pilot studies could demonstrate that certain types of CGI projects provide 
improved ecosystem services, it may be possible to acquire a Standard Activity Permit (SAP), which is 
similar to the USACE Nationwide General Permit. Permitting CGI using a SAP would have the added 
benefit of relieving some of the regulatory burden on limited personnel by simplifying the approval of CGI 
beforehand. Future research should explore where there is opportunity or flexibility in the existing 
regulatory framework to enable implementation of CGI and to identify what would be required to make 
CGI projects eligible for a SAP.  

Another concern is that there is currently no agreement among agencies on conservation goals, priority 
species, and habitats (especially benthic habitat) for NYC, which makes decision making and permitting 
difficult. Achieving consensus on key habitat, species, and indicators requires more detailed benthic and 
habitat data and focused discussion. Additional challenges associated with permitting include personnel 
limitations and capacity of the agencies to process permits. In Long Island, for example, as few as three 
or four people are responsible for reviewing 1,000 to 2,000 permit applications per year. Given that CGI 
projects are non-traditional, the extra time required could be a deterrent for permitting these types of 
projects. Up-front studies and development of a database with metadata of all implemented, permitted, 
and proposed projects will help avoid redundant research and overview and thus speed up the permitting 
process. 

There are a number of other concerns with CGI that regulators must address when permitting coastal 
infrastructure projects. One is tied to the uncertainty associated with both ecosystem and coastal hazard 
reduction performance. As CGI progresses, regulators need to know which strategies work well in which 
locations and what hazards they aim to address. If wave attenuation or fish habitat is desired, for 
example, what would be the appropriate CGI strategy? Some of this work has been started for the 
Hudson estuary as part of the Hudson River National Estuarine Research Reserve (HRNERR) 
Sustainable Shorelines project. Due to the historical loss of aquatic habitat, in particular submerged 
aquatic vegetation (SAV), there is a strong drive and emphasis in the region to preserve and restore 
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aquatic habitat. Therefore, an important question of any shoreline infrastructure project is how it will 
affect or replace the existing habitat. Implementing CGI may, for example, in some cases replace SAV 
with other types of vegetation and habitat. “Habitat tradeoffs” in the region are often an important concept 
in the regulatory framework used to compare one habitat with another in evaluating a project. In addition, 
complementary and conflicting habitat interactions must be understood in the context of implementing a 
project that could complement or conflict with an adjacent CGI project, particularly in instances where 
different agencies or landowners are working in isolation to evaluate and implement projects. The 
permitting and regulatory process should help to cope with the conflict and aid in the coordination among 
landowners to a certain degree.  

A fear of litigation and setting a precedent with unintended consequences is an issue closely tied to 
regulation. For example, implementing an ecologically-enhanced bulkhead or constructed reef would be 
considered “fill” under 6 NYCRR §661 and could potentially lay the groundwork for commercial real 
estate or other developers to build along the waterfront, further degrading the current shoreline 
ecosystem or exposing more assets to coastal hazards. Public health concerns and the reputations of 
the regional shellfish economy also create regulatory hurdles to CGI measures that might serve as 
shellfish habitat. In waters not open to shellfish harvest, there is a fear that potentially contaminated 
oysters could pose a public health threat as an attractive nuisance, endangering shellfish consumers and 
the regional shellfish economy. In other areas, there is simply a lack of understanding of what CGI are 
and how CGI operate; hence, the tendency is to support that which is most familiar and most easily 
understood by the public. CGI techniques that enhance traditional means of maritime engineering will 
need to have new models and regulations for maintenance and inspection; for example, regulations 
surrounding inspection practices for bulkheads may need to be modified to accommodate the 
preservation and encouragement of biogenic buildup due to ecologically-enhanced bulkheads. Educating 
the public and any stakeholders about the difference between CGI strategies and traditional engineering 
solutions, and the tradeoffs, is a necessary challenge. Traditional training of engineers does not focus on 
CGI; educating scientists and engineers on the benefits of CGI is critical to raising awareness and 
improving the success of CGI implementation.  

Further research is required to address these concerns and should begin with targeted interviews or a 
forum with regulators and agencies on exactly what they need to feel comfortable permitting CGI. The 
HRNERR has begun a similar process and found it to be very instructive. Research should be conducted 
to analyze the existing regulatory framework to identify where there is flexibility in (and within the 
constraints of) the enabling legislation to permit something new and unproven in the region; specifically, 
what would be required to enable CGI to be granted a SAP. Additionally, work should focus on 
assessing both qualitative and quantitative costs and benefits that support or enhance the standard 
analyses that regulators use to evaluate CGI projects. To address performance concerns, more pilot 
studies are needed to demonstrate the successes and failures of CGI. These pilot studies need to be 
sufficiently large to obtain measureable scientific results and be funded for maintenance and monitoring 
over time. A better understanding of the habitat tradeoffs of CGI is critical for regulators, and more 
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research is necessary in these areas to give regulators the confidence they need for permitting. To 
address more social concerns, research could target existing oyster reefs to track whether the oysters 
are subject to poaching. It might also assess how the public views CGI and identify what is needed to 
enhance the public’s general understanding of it. The HRNERR at NYSDEC (Hauser 2012) has begun 
work on how the public perceives different shoreline types in the Hudson and research could build off 
that perception. 
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3. Literature Review 

The safety of coastal populations has been based, in large part, on risk reduction through traditional 
engineering solutions, which often give little consideration to ecosystem potential and services (Spalding 
et al. 2014). However, recent studies present substantial evidence that coastal ecosystems can provide 
protective functions by dissipating erosive waves and buffering storm surge flooding while maintaining 
their other ecological services (Day et al. 2007; Fritz and Blount 2007; Feagin et al. 2010; Gedan et al. 
2011; Ruckelshaus et al. 2013; van Slobbe et al. 2013; Spalding et al. 2013). A coastal risk reduction 
and resiliency study directed by the USACE was completed in September 2013, which discusses in part 
the capabilities of natural and nature-based features for mitigating coastal hazards and improving 
resiliency through an integrated approach that draws from the full array of coastal risk reduction 
measures (Bridges et al. 2013). Out of five natural and nature-based features in that report, three 
features, salt marshes, oyster reefs, and maritime forests, align well with some CGI strategies discussed 
in this report. Table 1 lists the primary coastal hazard mitigation and ecological benefits provided by six 
CGI strategies. Traditional engineering approaches that optimize safety often tend to be suboptimal with 
respect to other functions, such as ecological benefits, recreation, and aesthetics, and are neither 
resilient nor considered sustainable due to long-term and often costly maintenance (van Slobbe et al. 
2013). To evaluate the performance of CGI strategies and to compare with traditional engineering 
solutions, performance evaluation metrics are proposed in Table 2.  

The current state of the science related to the protective capabilities of natural defense systems is 
dynamic. Many academic and government entities have been exploring the real world complexity of how 
waves and surge interact with natural landforms and how living features boost the background 
ecosystem goods and services. The risk reduction benefits and ecological services of each CGI strategy 
are discussed in this section to lay the foundation for developing a research plan that helps advance the 
use of CGI strategies for enhancing the coastal resiliency of NYC. This section reviews the present 
understanding of the hazard mitigation and ecological benefits for the six CGI strategies selected for 
evaluation. For each CGI strategy, the review starts with a definition and description of the strategy, 
followed by an update on the sciences and identified unknowns. The definition of each strategy is 
depicted in all or some of the following aspects where applicable:  

· target natural landforms 
· typical sustainable locations in the ecosystem and site elevation 
· horizontal scale and shape 
· construction elements 
· critical ecosystem-related structures and components 
· key hazards addressed 

The definitions are broken into these aspects to distinguish from each other, such that the literature 
review for each of these strategies concentrates on the principal characteristics. For instance, vegetation 



 
 
 
 
 
 
 
 

NEIWPCC_Coastal_Green_Inf_final_submittal_12012014.pdf 12 

Coastal Green 
Infrastructure Research 
Plan for New York City 

is the essential element of constructed wetlands and maritime forests and, therefore, a focal point in the 
section for that strategy.  

Table 1. Benefits of CGI strategies in hazard mitigation and ecological enhancement 

Benefits 

CGI Strategies 

C
onstructed w

etlands / 
m

aritim
e forests 

C
onstructed reefs 

C
onstructed breakw

ater 
islands 

C
hannel shallow

ing 

Ecologically-enhanced 
bulkheads and revetm

ents 

Living shorelines (m
arsh sill) 

Hazard 
mitigation 

Storm surge/tide reduction X  X X  X 

Short wave attenuation X X X  X X 

Shoreline erosion control and protection X X X  X X 

Ecological 
benefits 

Water purification X X X   X 

Fishery habitats provision X X X  X X 

Submerged aquatic vegetation habitats  X X X X  

Marsh habitats X  X X  X 

Forest habitats X  X    

Wildlife (e.g., birds, marine mammals) 
habitats X X X X X X 

Habitat diversity X X X X X X 

Carbon sequestration X  X   X 

Air quality improvement X  X   X 

Habitat diversity X X X X X X 
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Table 2. CGI strategy performance metrics 

Benefits Performance Evaluation Metrics 

Hazard 
mitigation 

Storm surge/tide Surge height and/or flood depth; flood limit of target event (e.g., 100 years); phased delay of surge 
peak 

Wind wave Wave height reduction; wave power/energy of return wave heights (e.g., 100 years) at shoreline 

Shoreline erosion Shoreline retreat/accretion distance or rate; bathymetric and topographic variation 

Ecological 
benefits 

Water purification 
Concentration of total suspended solids, harmful substances (e.g., harmful bacteria, heavy metal), 
dissolved oxygen, and nutrients (N, P, K); pH value; extent of water quality impairment; primary 
production (chlorophyll a) 

Fishery habitats 
provision 

Catch Per Unit Effort; diversity index; characteristic species abundance; Young of Year or Juvenile 
Indices; patch size; utilization/occupation 

Submerged aquatic 
vegetation habitats Density; biomass; diversity index; characteristic species abundance 

Marsh habitats Density; biomass above and below ground; vegetation morphology (height, diameter); characteristic 
species abundance; diversity index 

Forest habitats Density; biomass above and below ground; vegetation biomass; morphology (height, diameter, 
foliage); characteristic species abundance; diversity index 

Wildlife habitats Bird diversity; characteristic species abundance 

Habitat diversity Spatial heterogeneity; species richness; species abundance 

Carbon sequestration Greenhouse gas (GHG) removal; GHG emission 

Air quality 
improvement  Concentration of ozone, particulates, and SO2/NO2 
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 Constructed Wetlands and Maritime Forests 3.1.

3.1.1. Strategy Description 

Constructed wetlands are new or restored coastal wetlands that lie 
in sheltered and low-elevation areas from mean tide level to spring 
high tide level; are of irregular shape; may include perimeter 
protection features to retain soil and mitigate shoreline edge erosion; 
accommodate herbaceous vegetation, fishery, and wildlife habitats; 
and can dissipate wave energy, alleviate erosion, retard storm surge 
intrusion, and buffer tidal flooding. Figure 1 shows the location of 
coastal wetlands in the watershed system (Kusler 1983). In a 
general scope, coastal wetlands can be dominated by either 
herbaceous (marshes) or woody plants (swamps). In this report, 
constructed wetlands exclusively refer to salt or brackish marsh, i.e., 
coastal marshlands.  

Maritime forests develop above the spring high tide level and are 
usually behind a secondary dune (Bain et al. 2007). The forests may 
connect to salt marshes through a transitionary zone of maritime 
shrublands and are found along coastal barrier islands and shoreline 
bordering sounds and rivers. The vegetation types which define 
maritime forests are unique because of their ability to withstand 
strong winds, periodic flooding, and damaging salt spray (e.g., Takle 
et al. 2007). Accordingly, maritime forests may act as an inland 
buffer to surge and waves during severe storms. The critical element 

for constructed wetlands and maritime forests is vegetation, which leads to similarities in mitigating 
coastal hazards and enhancing ecological functions. Therefore, the discussion on constructed wetlands 
and maritime forests has been grouped in this section. Figure 2 presents several images of a 
constructed wetland, coastal marsh, and maritime forest.  

           

Figure 2. Diagram of constructed wetlands (NYC DCP 2013), wetland marshes (NYSDEC 2013), and maritime 
forest (Photographed by John W. McCord in Whitaker et al. 2009) 

 

 

 

 

 

 

 

 

 

 

Figure 1. Wetland location within 
the watershed (Kusler 1983) 
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Numerous studies have recently been completed analyzing wetlands’ and forests’ protective functions 
(e.g., Krauss et al. 2009; Gedan et al. 2011; Shepard et al. 2011; Barbier and Enchelmeyer 2014). 
Wetlands and maritime forests of a sufficient size are a natural coastal defense and may be effective in 
providing wave dissipation (Anderson et al. 2011), flow impedance (Wu et al. 2001), and sediment 
retention. Consequently, these measures can improve erosion control and mitigate shoreline retreat 
(Wolanski 2006; Yang 1998; Shepard et al. 2011).  

Particularly, maritime forests as natural vegetative barriers can reduce winds and obstruct salt spray 
(Takle et al. 2007). Wind speeds through forests can be reduced by more than 50% at a leeward 
distance of 20 times the forest height. This has been shown via studies of constructed windbreaks 
(Skidmore 1986; Wang and Takle 1996; Belcher et al. 2003). Directional wind reduction coefficients due 
to tree canopy are also often used in numerical models (Vickery et al. 2006; Luettich and Westerink 
2010). Wind strength and salt spray reduction potential due to maritime forests can be estimated given 
existing studies; however, further verification against field measurements is recommended because 
forest trees vary in size and are arranged randomly and more coarsely than constructed windbreaks. 
Wind reduction and salt spray mitigation are less relevant to salt marshes and other CGI strategies 
reviewed in this document, therefore there will no further discussion. Wave attenuation, storm surge 
reduction and erosion control are the focus for event-based and gradual hazards.  

In addition, constructed wetlands and maritime forests may provide ecosystem services like water 
purification, carbon sequestration, fish and/or wildlife habitat, and biodiversity. The benefits of this 
strategy are listed in Table 1, which vary based on the size or extent of the restored or constructed 
ecosystem, target habitat, landscape context, vegetation species community, hydrologic regime, and 
substrate properties.  

There are some site-specific limitations to the use of constructed wetlands, such as the creation of 
habitat that attracts fauna within proximity to an airport, creating flight navigation and safety hazards. 
From a regulatory standpoint, fill placement in mudflats to restore eroded marsh is difficult to permit, 
although the issue is under further discussion with NYSDEC. The most notable limitations are due to the 
space requirement and needs related to strategy siting, sediment fill and erosion protection for 
vegetation until it becomes established in higher energy areas. Maritime forests are especially limited by 
the space requirements because a potentially large footprint is necessary to create a sustainable 
strategy. In the study on Target Ecosystem Characteristics (TEC) for the HRE, it was suggested that the 
creation of maritime forests requires a sufficient size (estimated at 200 acres or more) in order to 
maintain the minimum viable populations of the basic vegetative species (Bain et al. 2007). Additionally, 
size and siting conditions are further complicated by the fact that wetland and forest connectivity (e.g., 
fragmentation due to natural creeks or urban highway development) is an important factor to determining 
ecological benefits and hazard mitigation potential. Hence, the integration of constructed or restored 
wetlands and forests into the existing ecosystem is often critical to maximize the benefits of this strategy. 
Upfront studies to categorize shorelines with regard to the energy level of marine forces and existing 
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variation in ecosystems are necessary to identify sites applicable to constructed wetlands, maritime 
forests, or other CGI strategies. 

This strategy also requires considerable ecological expertise, long-term dedicated monitoring, and 
intensive labor. “Lack of basic scientific knowledge” and “lack of staff expertise” are two common 
problems contributing to the failure of implementation according to Kusler and Kentula (1989a, b). 
Although this publication is 25 years old, it is still relevant today. Sufficient up-front research and qualified 
staff expertise remain the keys to successful implementation of an ecosystem restoration project 
because the ecosystem is a complex, multi-faceted system. It is important to emphasize the uniqueness 
of each wetland and to make site-specific decisions for a successful wetland restoration and creation.  

3.1.2. An Update on the Status of the Science 

Studies on wetland creation and restoration, ecological benefits evaluation, economic assessment, and 
hazard mitigation potential have burgeoned in recent years. Books, manuals, reports, and journal articles 
have been published focusing on various objectives, ranging from case studies to general procedures 
and from project designs to monitoring approaches. Detailed discussion is focused on the ability and 
mechanism of vegetation to reduce wave heights and storm surge inundation depths and limits; improve 
ecological benefits; and adapt to rising sea levels. 

Coastal Hazard Mitigation 

Constructed wetlands and maritime forests mitigate coastal hazards in the form of vegetation-induced 
resistance, which can retard flow and dissipate wave energy for event-based and gradual hazards. 
Retreating shorelines can be protected from short waves and vessel wakes by this strategy due to the 
dissipation of wave energy. The hazard mitigation potential on a regional scale has been an active 
research area since the devastating tsunami in the Indian Ocean (2004), Hurricane Katrina (2005) and 
Hurricane Wilma (2005) in the Gulf of Mexico, and Hurricane Sandy (2012) in the Northern Atlantic. 
Following these events, many regional studies, most notably numerical modeling based studies, have 
been conducted. However, few of these studies are specific to NYC or the vegetative communities in the 
area.  

With respect to the mechanism of vegetative resistance, evaluations of micro-scale flow structure, 
turbulence, and vegetal drag in a laboratory setting (Neumeier and Amos 2006; Lowe et al. 2007; Wilson 
2007; Tanino and Nepf 2008) are most common in the existing literature. The effectiveness of vegetation 
resistance is dependent on internal factors such as stem density, height, wetland fragmentation, and 
wetland size, as well as external factors such as the intensity and forward speed of a hurricane. Table 3 
summarizes various factors that affect vegetative resistance and thus determine the degree of wave 
energy dissipation and storm surge reduction. However, there are no direct studies stating the 
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prioritization of those factors in hazard mitigation and wetland resiliency. Appropriately designed 
numerical experiments and field observations may assist to prioritize the most critical parameters.  

Table 3. Impacts of the wetland and maritime forest properties on vegetative resistance 

 Factors Parameters Impacts on Vegetative 
Resistance 

Ve
ge

ta
tio

n 
pr

op
er

tie
s Vegetation morphology Height, stem/trunk diameter, 

branch, and foliage Positively correlated 

Vegetation bio-
mechanical properties 

Stiffness of plant shoot (might 
vary seasonably) Positively correlated 

Vegetation community Stem density and communities 
arrangement Positive correlated 

 F
oo

tp
rin

t 

Wetland continuity 

Distance to main coast, edge 
fractal dimension, and ratio of 
vegetated land area to non-

vegetated area (water area, road 
area, swales, mudflats, etc.) 

Intact wetland has the highest 
bulk resistance 

Horizontal extent Distance in wave propagation or 
flooding direction Positively correlated 

Vertical extent Platform elevation Positively correlated 

Topographic 
complexity 

Arrangement of topographic 
features (hummocks, dunes, 

swales) 
Unknown 

H
yd

ro
-

dy
na

m
ic

s Water surface 
elevation (surge height 
during a storm event) 

Flow depth 

Maximum resistance when flow 
depth is about the height of the 

vegetation (stem), i.e., 
near-emergent condition 

Wave climates  Wave height and wave period Not in consensus 
 

Among internal factors, emergent, stiffer, denser, and higher vegetation can dissipate wave energy, 
reduce inland storm surge height and extent, and limit tidal flooding more effectively than submerged, 
flexible, and short-stemmed vegetation (Nepf and Vivoni 2000; Nikora et al. 2001; Irish et al. 2008; Chen 
and Zhao 2012; Barbier 2013). An NYC-specific example is that the intrusive species, Phragmites 
australis (Phragmites), is stiffer, taller, and denser than Spartina alterniflora (Spartina); thus, is 
anticipated to be more effective for reducing wave energy.  

Salt marshes and maritime forests are often fragmented by natural or human disturbances; however 
studies on the effects of fragmentation patterns are rare. Understanding the effects of patch dynamics 
can help avoid the overestimation of protective value of these vegetated systems, while improving the 
design to promote a more effective arrangement.  

Among external factors, wave attenuation rates are found to be less affected by wave heights and 
periods (Mazda et al. 2006; Augustin 2007; Augustin et al. 2009; Bradley and Houser 2009) than they 
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are by water depth, vegetation morphology, stem stiffness, and the vegetated footprint size, shape, and 
elevation (Elwany et al. 1994; Lima et al. 2006; Lowe et al. 2007; Suzuki et al. 2008; Lövstedt and 
Larson 2010; Gedan et al. 2011). Water depth is a critically important external factor because vegetation 
resistance is most influential when the vegetation roughness layer takes up a sufficient portion of the 
total water depth (Nepf and Vivoni 2000; Wilson and Horritt 2002).  

Using observation data, numerical models, physical models, or other tools (e.g., regression curves), 
metrics such as those listed in Table 2 can be applied to examine the hazard mitigation potential of 
proposed projects to guide project planning. An often-applied metric for evaluating the hazard mitigation 
potential of vegetation is hydrodynamic quantity (e.g., wave height, water level) reduction or a dissipation 
rate over a given distance. This is done by comparing wave heights or water levels inland of wetlands 
and forests to incident conditions at the seaward edge (e.g., USACE 1963; Fitzpatrick et al. 2009). 
Hazard mitigation can also be assessed using aggregated parameters, such as a percent reduction of 
total inundation volume over a given area. Additionally, at locations susceptible to erosion and scour, a 
horizontal retreat rate, as well as changes in vertical profile, can be used to evaluate mitigation of gradual 
hazards.  

Field observations, e.g., wave heights, water levels, and currents along a designated transect, are useful 
to quantify the hazard mitigation potential of wetlands. However the costs of these field observations are 
typically high and in some instances observations must be gathered during specific time intervals (e.g., 
the attenuation of waves during storm events). Accordingly, timing and funding availability impact the 
success of field observation plans. Physical models are often more affordable and less affected by 
weather conditions, yet the applicability of these studies can be limited by the scalability of model results. 
Numerical models are robust tools and are commonly used to evaluate the hazard mitigation potential of 
CGI strategies (Loder et al. 2009; Wamsley et al. 2011; Barbier et al. 2013). In the instance of numerical 
models, the state of the science is continually improving, though many limitations still remain. How can 
numerical models be improved to more accurately predict the reduction in storm surge, wind waves and 
erosion due to vegetative resistance? How can field measurements and physical model setup support 
improvements of numerical models?  

In many numerical models, the vegetative resistance under both oscillatory and steady flow is often 
lumped in with the resistance due to bottom friction. For instance, a Manning’s coefficient is used to 
estimate the flow resistance due to various vegetation types (e.g., Bunya et al. 2010). Recent research 
has illustrated that Manning’s coefficients for a given type of vegetation varies with time (e.g., seasonal), 
submergence degree, and flow velocity (related to vegetative stiffness). The variation may be profound 
during a storm event as vegetation flexes and breaks. However the sensitivity of modeled storm surge 
levels and waves due to a flow-condition dependent Manning’s coefficient is not well understood. 
Empirical and theoretical formulas are available for estimating Manning’s coefficients, drag coefficients, 
and vegetative resistance for a given set of field or laboratory conditions, which range from bio-physical 
properties of a single plant and plant community to physical flow conditions (Wu et al. 1999; Stone and 
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Shen 2002; Carollo et al. 2005). No study shows that existing formulas are applicable for the prevalent 
species in NYC. Hence, in order to implement a better parameterization of vegetative roughness in 
numerical models, it is important to understand vegetal drag and Manning’s coefficients under both 
typical and stormy conditions for prevalent species in the NYC area.  

Additionally, it should also be noted that numerical modeling based studies to date are often completed 
considering a two-way interaction between vegetation and either wind waves or longer period waves, 
such as surge or tides. In a real-world storm scenario, the interaction between currents, wind waves, and 
vegetation can be very complicated, especially during a storm event. Inherently, drag coefficients, wave 
frequency, and flow structure are affected by the three-way interaction in comparison to wave-vegetation, 
current-vegetation, or wave-current two-way interactions (Li and Yan 2007; Patil and Singh 2009). Storm 
surge level reduction, as a result of the vegetative resistance, limits the growth of wind waves. Wave 
breaking is arrested by the vegetation, thereby diminishing wave set up (Dean and Bender 2006; 
Augustin et al. 2008). Deflected, broken, or uprooted vegetation due to current-wave interaction 
enhanced shear causes a decrease in vegetative resistance; consequently, there is less wave 
attenuation and surge reduction (Zhao and Chen 2014). Understanding the effects of vegetation 
breakage and uprooting on both circulation and wave models is important for avoiding overestimation of 
vegetation effects. Ideally, the three-way interaction of waves, currents, and vegetation should be 
thoroughly considered in a coupled model system, yet this coupling is not present in most modeling 
efforts; the scientific communities’ understanding is currently inadequate to provide guidance beyond 
basic principles. Hence, the interaction is often missing in models used to evaluate risk and scour 
reduction of a vegetated system such as wetlands and maritime forests. 

Numerical models and the overall state of the science related to vegetal drag can be improved with 
additional insights based on field observations and physical modeling experiments. Field measurements 
during storm events are relatively rare due to costs associated with field observation and collection 
difficultly during severe storms. With improvements in data collection techniques, field studies are more 
feasible now than ever. Laboratory scale experiments on the other hand are more common and in 
general focus on short waves. These physical modeling based experiments can be used to fill voids in 
findings from field observation data, as well as to verify or improve existing numerical model 
assumptions. However, because physical experiments occur in a controlled environment, challenges 
remain to bridge the gap between small-scale laboratory findings and real-world storm scenarios. With 
validated vegetative resistance formula, numerical models can be used to simulate vegetation-induced 
attenuation of wave energy and flow momentum under various scenarios, including consideration of 
healthy, degraded, continuous and fragmented wetlands consisting of single or multiple vegetation types. 

Ecological Benefits 

In comparison to the hazard mitigation potential of coastal wetlands, the ecological benefits have long 
been identified. Since the 1980s, 34 studies were conducted with about 75 percent related to ecological 
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services and 25 percent related to social benefits. It was determined through literature review that the 
ecological benefits of coastal wetlands could be grouped into the following categories: 1) wildlife habitat 
provisioning, including that of threatened and endangered species; 2) fisheries habitat provisioning; 
3) biodiversity protection; 4) carbon sequestration and regulation of greenhouse gases; and 5) water 
quality improvement. Social services were grouped according to 1) tourism; 2) recreation; 3) education; 
4) raw materials production; and 5) property value protection benefits. These categories are closely 
linked to the services identified in the NACCS (March 2014 Agency Review Draft), where a 
comprehensive list of ecosystem goods and services provided by a coastal wetland shows 17 out of 
21 ecosystem services are ecological and social benefits related in comparison to wave-, tide-, and 
storm-related hazard mitigation benefits. 

Among various ecological services, water quality improvement, fisheries habitats, and wildlife habitats 
are most studied while carbon sequestration and greenhouse gas (GHG: CH4, CO2, N2O) mitigation are 
least studied. A recent study by Serena Moseman-Valtierra (2011) suggests that marsh ecosystems, 
which are thought to be major sinks of carbon, may, through anthropogenic disturbance, become 
sources of GHGs because plant rhizospheres in coastal sediments are sites of microbially mediated 
nutrient transformations, e.g., nitrification and denitrification. Salt marsh restoration in Jamaica Bay 
warrants greater attention regarding carbon sequestration, which is closely related to organic soil 
accretion and carbon content of the accreted soil (USACE 2014). There is uncertainty about the impact 
of anthropogenic nutrients on GHG production in wetland systems and how this should be considered in 
wetland benefits evaluation and constructed wetland strategy implementation. Quantification of GHG 
emission in coastal wetlands has become an important factor in evaluating wetlands protection and 
restoration strategy. While there is a growing body of literature documenting the ecological services of 
coastal wetlands globally, limited research exists for such systems in the NYC region. Furthermore, very 
little study has occurred to quantify the benefits of north Atlantic maritime forests.  

A number of studies have shown various ways to estimate wetland benefits (e.g., Costanza et al. 2006; 
Liu et al. 2010; Costanza et al. 2008) and indicated the insufficiency of knowledge of key habitat values 
to support effective policy-making and management (Pendleton et al. 2007). Koch et al. (2009) suggests 
that dynamic modeling of ecological functions, greater field-based testing of the functional relationships 
between ecological condition and ecosystem services, and the economic valuation of those services will 
increase our accuracy in valuing coastal ecosystems and, in turn, refine ecosystem-based management 
practices. Only Wainger et al. (2013) evaluated ecosystem services for coastal wetlands within the NYC 
region. Additional studies should be implemented in the New York-New Jersey (NY/NJ) Harbor estuary 
to determine the regional value of these systems, how this value might differ in other regions, and why 
and how the highly urban nature of this region might influence ecosystem service values. For example, 
the high construction costs of restored wetlands cannot be justified by ecological and coastal protection 
benefits alone. Nonetheless, these systems represent a highly scarce resource in NYC that can be 
readily accessed by millions of people from a diversity of backgrounds. Future research should also 
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address the influence of resource scarcity and population density on the social benefits of salt marshes 
in order to more comprehensively assess the value of restoring these systems.  

In NYC, where open space is relatively scarce and land is valued at a premium, salt marshes often occur 
in a narrow fringe between developed infrastructure and mudflats or open water. There are economic 
and habitat tradeoffs associated with constructing new wetlands in these areas. In addition, while many 
of the ecological benefits (habitat or non-habitat) are related to community biomass and productivity of a 
given vegetation species, a special case of tradeoff caused by the invasive species common reed, 
Phragmites, exists as a conflict between shoreline protection value and bird habitat. Phragmites is an 
inevitable player in the context of sea-level rise, increased coastal inundation, and limited agency funding 
for management/maintenance of shoreline landscapes. Phragmites should be a focus in future studies 
regarding its potential for hazard mitigation and ecological impacts. As previously mentioned, this 
species could have a higher potential to dissipate waves than the native species marsh grass (Spartina), 
due to its rigidity and population density. However, it is also noticed that Phragmites is less attractive to 
birds and can harm bird habitat values. A recent study (Kiviat 2013) documented the important 
ecosystem services of Phragmites including non-habitat ecosystem services (e.g., water purification) and 
habitat ecosystem services (e.g., support for many common and rare species of plants and animals). 
The disagreement in Phragmites resultant habitat values or damages requires more research and field 
habitat data collection for a discerned conclusion.  

These questions and concerns highlight the need for developing an ecosystem tradeoff assessment tool. 
Ecosystem tradeoffs are important indicators of project performance and a regulatory decision driver. For 
instance, assessing habitat tradeoffs by evaluating existing mudflat benthic and aquatic habitats values 
versus the planned constructed wetlands habitat values is necessary to understand the changes and 
impacts on ecosystem, thus deciding the placement of fill. Quantifying tradeoffs between Phragmites and 
Spartina can assist the decision on natural wetland management, e.g., whether Phragmites populated 
marshes should be restored to Spartina-dominated marshes.  

Tools, models, and measures exist for individual services. The Water Quality Standards Handbook by 
the U.S. Environment Protection Agency (USEPA) lists a variety of water quality criteria in different forms 
(e.g., numeric criteria for wetlands). A Wildlife Habitat Benefits Estimation Toolkit was funded and 
developed by the Doris Duke Charitable Foundation through the National Council for Science and the 
Environment’s Wildlife Habitat Policy Research Program (Kroeger et al. 2008). Habitat Equivalency 
Analysis, used in Natural Resource Damage Assessments, can be used to monetize ecological service 
units. Habitat Suitability Indices developed by the U.S. Fish and Wildlife Services (USFWS) are tools to 
quantify the value of various coastal habitats as they relate to habitat provision. Functional assessment 
models such as Evaluation for Planned Wetlands, Mid-Atlantic Tidal Wetland Rapid Assessment Method 
(MidTRAM), etc., quantify ecosystem functions for coastal wetlands. The Wetland Value Assessment 
(WVA) methodology is a quantitative habitat-based assessment methodology developed for use in 
determining wetland benefits of project proposals submitted for funding under the Coastal Wetlands 
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Planning, Protection, and Restoration Act (CWPPRA). The WVA quantifies changes in fish and wildlife 
habitat quality and quantity that are expected to result from a proposed wetland restoration project. 
These tools may not exist or be applicable for the NYC area yet. Further investigation is necessary to 
determine whether these existing tools can be adapted or adopted in the NYC region, as well as how 
these measures can be integrated to define the quality of wetland services. Note that many of these tools 
are not specific for a single type of landform features. These tools and relevant research requests are 
also applied to other strategies in this report when it comes to evaluation of ecological benefits.  

To quantify and compare the ecological benefits, a reference site of a typical size (e.g., a control plot) 
needs to be determined prior to project design in order to score the overall performance in a context 
environment and for a target habitat type. The existing ecosystem services literature focuses largely on 
the use of case studies to measure and establish a value for ecosystem function. Approximately 300 
case studies were screened by de Groot et al. (2012) to determine the value of ecosystem services 
across 10 biomes, including coastal wetlands. Meli et al. (2014) performed a meta-analysis of 70 
experimental studies to assess the effectiveness of wetland restoration and identity factors that influence 
its effectiveness. However, replicated, controlled studies specific to the determination of ecosystem 
function have not been widely conducted and in particular have not been developed in the NY/NJ Harbor 
estuary. Additional analysis is required to evaluate whether such studies would be necessary and how 
they could be applied across multiple restoration sites being implemented by various agencies across 
NYC.  

Key benefits should be identified at a given location and properly selected to meet goals and objectives 
of implementing this strategy. A set of standard metrics is desired for measuring the performance and 
prioritizing them in a hierarchy that can ensure the most important elements are to be accomplished first. 
The NACCS reports a series of metrics regarding various ecosystem goods and services of coastal 
wetlands and maritime forests for the Atlantic coast. Many of the ecosystem goods and services are 
dependent on wetland size, landscape context, and patch dynamics (Karen et al. 2000; Craig et al. 
2012).  

Landscape context and patch dynamics are related to wetland fragmentation, which can be caused by 
anthropogenic (such as roads, canal), climatic (e.g., storms), and internal disturbances (e.g., vegetated 
community competition). There are a variety of fragmentation metrics, for instance patch size (area), 
patch shape usually measured as a ratio of edge length to patch area (patch fractal geometry), distance 
to the nearest patch, and the amount of exterior habitat within a distance from the edge. Patch size is 
critical for a diverse breeding community, e.g. forest birds. Therefore, the amount of habitat within a 
patch is also important. For landscape context, nearest neighbor distance is commonly used, but does 
not work well in very patchy landscapes where the nearest neighbor patch may not be viable habitat. 
Instead, the proportion of area in similar or natural habitat type within a certain distance of the patch 
edge can be used (Anderson 2008). It is worth noting that ecology-driven patch complexity should also 
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be fed back to hazard mitigation quantification. Otherwise it is easily to overestimate the hazard 
mitigation potential if the size of an intact constructed wetland is parameterized in a numerical simulation.  

TNC and Nature Serve created an ecological integrity framework that was applied to wetlands (Faber-
Langendoen et al. 2006). Many identified metrics were shared among the systems in that study, 
suggesting that a generic list of metrics could be developed, at least among broadly similar systems. 
Neckles et al. (2013) conducted a similar study that focused on salt marsh integrity and identified a set of 
metrics used to monitor integrity on National Wildlife Refuges (NWRs). These metrics were tested in the 
field, e.g., Long Island NWR Complex. These studies provide a promising framework and can be a “jump 
start” for advancing research of coastal wetlands and maritime forests in NYC. Similar and more specific 
studies should be proposed to review how ecological integrity indices developed in the literature can be 
adopted and improved for NYC. Such investigations would help natural resource managers balance the 
ecological, social, and coastal protection services of a proposed restoration site against the constraints 
of cost and availability of open space. Setting up pilot project(s) is a practical approach to perform 
controlled studies, collect data, test and improve various evaluation metrics, and examine effectiveness 
of project scales.  

The effects of human activities on wetlands integrity and sustainability are significant in an urban area 
like NYC. Wigand et al. (2014) used census data, radiometric dating, stable nitrogen isotopes, and soil 
surveys to examine the temporal relationships between human population growth and soil nitrogen; they 
evaluated soil structure with computer-aided tomography, surface elevation and sediment accretion 
trends, carbon dioxide emissions, and soil shear strength to examine differences among disappearing 
(Black Bank and Big Egg) and stable (JoCo) marshes. At Black Bank, the biomass and abundance of 
roots and rhizomes and percentage of organic matter in soil were significantly lower, rhizomes larger in 
diameter, carbon dioxide emission rates and peat particle density significantly greater, and soil strength 
significantly lower compared to the stable JoCo Marsh, suggesting Black Bank has elevated 
decomposition rates, more decomposed peat, and highly waterlogged peat. In urban watersheds, salt 
marshes experience climatic stressors, such as accelerated sea-level rise; rising air and soil 
temperatures; increases in storm and drought events; and anthropogenic stressors, such as alteration of 
sediment supply and hydrodynamics, resulting in accelerated losses of marsh area as is now occurring 
within Jamaica Bay and elsewhere. Further research could identify relationships between multiple 
stressors and marsh elevation, size (overall area and width), and measurable ecosystem services, 
specific to highly urban areas such as NYC, which can afford managers and stewards an informed 
opportunity to maintain and restore coastal marshes in urban estuaries.  

Drivers of Change: Failure Causes and Resiliency 

The City's salt marshes and maritime forests have proven especially vulnerable and are increasingly in 
decline. For example, wetland loss around Jamaica Bay has been reported at an annual rate of 1 to 
2 percent (Hartig et al. 2002; Swanson and Wilson 2008; Deegan et al. 2012). Maritime forests are 
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contaminated by intrusive species and anthropological activities, such as recreation, highway clearing, 
and tree felling. The loss of salt marsh is attributed to extensive filling operations, dredging for navigation, 
and other impacts, including water quality degradation, erosion, and sea-level rise. Among those, big 
drivers for the stability of coastal wetlands and maritime forests are sea-level rise and sediment supply. 
Maritime forests survive at the supratidal zone, which may become the intertidal zone as sea level 
changes. However, maritime forests are less sensitive to sea-level rise than marshes and may collapse 
in subsequent marsh submergence. Relatively maritime forests are more subject to salt spray, wind, and 
waves under both normal and extreme weather conditions and climate change, which may deteriorate 
with a fragmented arrangement. For instance, the wind shear and salt spray can cause vegetation to die 
and then produce a new canopy angle on exposed forest surface. The study of a maritime forest on 
Topsail Island, North Carolina, demonstrated that 57 percent of the original aboveground vegetation was 
dead after 4 years of highway construction (clearing highway right-of-way). Other forest health issues 
(e.g., pests and pathogens, invasive species) are not trivial and may be part of a feedback loop with 
climate change (Dale et al. 2001). Invasive species (plants or insects) could dramatically degrade the 
health of maritime forests making them less resistant to marine forces and less resilient to changes due 
to storm events, droughts, etc. The bottom line may be that resiliency is not merely an output of 
construction but one of ongoing conservation/natural resource management on many fronts of ecological 
integrity for target (ecological) communities or ecosystem services/benefits. 

Stability of coastal wetlands can be viewed in vertical and horizontal azimuths. Salt marshes can accrete 
vertically and expand laterally in response to sea-level rise and sediment supply (Nyman et al. 2006; 
Mariotti and Fagherazzi 2013; Kirwan et al. 2010). Adequate sediment load, at least 20 milligrams per 
liter (mg/L) for sea-level rise rates up to 10 millimeters per year (mm/year) (Kirwan et al. 2010), is 
necessary to maintain wetlands, based on a numerical study of eco-geomorphic feedback to global sea-
level rise. The data from North Inlet, South Carolina (Morris 2010), as well as modeling efforts (Kirwan et 
al. 2010), show that the aboveground biomass is significant when the substrate is 1 to 2 feet below the 
mean higher high water level (Spartina at North Inlet) and the accretion rate increases as sea level rises. 
With human intervention (e.g., experimental fertilization), the boosted biomass production can improve 
the adaptability. Although fertilization may not be recommended, nutrient load is typically higher in urban 
areas than in other areas, which may potentially enhance the adaptability. Nyman et al. (2006) even 
found that the marshland vertical accretion varied with organic accumulation rather than mineral 
sedimentation across a wide range of conditions in coastal Louisiana. The vertical accretion of marsh is 
also affected by sediment supply and tidal range. Expansive marshes in regions with low tidal ranges will 
likely submerge in the near future, even for a high suspended sediment concentration and conservative 
projections of sea-level rise (Kirwan et al. 2010). In contrast, in a region with a broader tidal range, 
marshes are more adaptable to sea-level rise, especially with a high suspended sediment concentration. 
Because of the organic accumulation and high biomass-enhanced sedimentation, wetland accretion will 
likely keep up with the pace (Kirwan and Mudd 2012).  
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Lateral expansion of coastal wetlands is more dynamic and it is unlikely to maintain a dynamic 
equilibrium because processes responsible for marsh expansion, such as freshwater input dictated 
sediment supply and nutrient load, are weakly or not linked to processes responsible for marsh erosion, 
such as wave climate, which is largely disconnected from the presence of rivers and rainfall runoff 
(Fagherazzi et al. 2013). Therefore, coastal wetlands are laterally unstable due to wave action and edge 
erosion with or without sea-level rise (Fagherazzi et al. 2013; Mariotti and Fagherazzi 2013).  

Successfully applying the strategy of constructed wetlands requires extensive knowledge of flooding 
frequency, wave climates, ice climate, sediment supply, and marsh biological properties and ecological 
dynamics. The interpretation of how the drivers and stressors that contribute to wetland loss threaten 
restored wetlands, and their associated ecosystem benefits, can inform the selection of restoration sites 
and the maintenance of restored wetlands to maximize the long-term sustainability and ecosystem 
services of coastal wetland systems. Reducing the threat to coastal vegetation from development, sea-
level rise, and other natural and anthropogenic factors would help to protect many coastal regions 
against storm surges. For instance, wetlands in Jamaica Bay developed by the USACE in 2013 were 
severely damaged by ice over the winter. Additionally, due to urbanization and minimized sediment 
inputs into water bodies like the Hudson River and Jamaica Bay, sediment starvation of coastlines will 
have an impact on wetland sustainability in NYC. Sediment starvation of coastlines produced by river 
dredging and damming is a major anthropogenic driver of marsh loss along the U.S. Atlantic coast and 
generates effects at least comparable to the accelerating sea-level rise due to global warming (Mariotti 
and Fagherazzi 2013).  

With sufficient sediment load and nutrient load, constructed wetlands and maritime forests are a 
sustainable strategy that can self-adapt to gradual hazards, such as sea-level rise, and can self-recover 
from moderate damage due to storm events or ice cover. However, how to quantitatively assess the 
coastal resiliency needs further study. Sea Level Affecting Marshes Model (SLAMM), Marsh Equilibrium 
Model (MEM), and other ecology models exist for simulation of wetland evolution. What aspects of these 
models should be improved? Can they be adopted in NYC? A Coastal Resilience Tool (CRT) was 
developed by TNC and is available at http://www.coastalresilience.org/. The CRT is a geographic 
information system (GIS)-based mapping portal, which exhibits present and future flood and sea-level 
rise hazards, habitat development, and a variety of wetland context at a coarse level. This tool can be a 
framework of resiliency assessment for the NYC region. 

3.1.3. Unknowns and Data Gaps 

The following unknowns and gaps were identified by the research group for the strategies of constructed 
wetlands and maritime forests. 

http://www.coastalresilience.org/
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Vegetative Resistance and Hazard Mitigation Potential 

· How resistant are coastal wetlands and maritime forests to marine forces under a wide range of 
turbulent conditions? 

· What are the appropriate formulas to estimate vegetative resistance for a wide range of 
submergence degrees (from emergent to deeply submerged)? 

· How can field measurements and physical model setup improve the understanding of vegetative 
resistance (Manning’s coefficient) of prevalent species of coastal wetlands and maritime forests in 
the NYC region? 

· How can a physical model be set up to help improve the understanding of friction coefficients for 
prevalent marsh species in NYC coastal habitats, e.g., Phragmites and Spartina?  

· How can critical factors impacting hazard mitigation potential be prioritized, e.g., bio-mechanical 
properties, platform elevation, size, wetland continuity, proximity to other natural areas, incident 
wave conditions? Which data are already available? 

· What are the bio-mechanical properties of prevalent marsh species in NYC coastal habitats, e.g., 
Phragmites and Spartina?  

· How can numerical models be improved to more accurately predict the reduction in storm surge, 
wind waves and erosion due to vegetative resistance?  

· How sensitive are storm tide, wave, and erosion predictions to flow-condition dependent Manning’s 
coefficients versus a constant one for NYC-specific numerical models?  

· At what scale (horizontal and vertical) are constructed wetland and maritime forests effective at 
dissipating wakes and waves and reducing surge?  

· How can patch complexity and dynamics (e.g., fragmentation, patch expansion and degradation) be 
parameterized in numerical models?  

· How do patch dynamics affect the hazard mitigation potential?  

Ecological Benefits 

· What are the ecological tradeoffs: Phragmites versus native marsh like Spartina, or no marsh?  
· Should the mudflats or open water be filled to be converted to a large wetland? 
· How would the environment be affected? 
· How much larger is adequate to effectively provide ecological benefits? 
· What are the habitat tradeoffs? 
· What field data need to be collected in order to improve tools to conduct an in-depth analysis of 

tradeoffs such as shoreline protection versus bird habitat restoration, native habitat heritage 
conservation versus other environmental and ecological values, and existing habitat values versus 
transformed habitat values? 

· What aspects of models like SLAMM and MEM should be improved to improve the understanding of 
wetland evolution? Can they be adopted in NYC? 
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· Which natural wetland systems can be used as control sites to benchmark ecosystem values for 
project(s)? Can pilot projects be identified as benchmarks and how?  

· What are the minimum pilot project scales for providing targeted levels of protection and ecosystem 
services?  

· What are the metrics to best monitor wetlands and their associated habitats?  
· How are scorecards best designed to quantify overall ecological benefits provided by maritime 

forests and coastal wetlands in the NYC region and rank proposed projects to facilitate decision 
making? Can a set of standard metrics be combined to index the performance of projects? 

· How does the highly urban nature of NYC influence ecosystem service values of constructed 
wetlands and maritime forests, including fragmentation due to roads, nutrients load, and other 
pollution effects?  

· How are studies best implemented in the NY/NJ Harbor estuary to determine the regional value of 
wetland and maritime forest systems, how this value might differ in other regions and why and how 
the highly urban nature of this region might influence ecosystem service values?  

· How can the understanding of GHG emission in wetland systems be improved and how this should 
be considered in wetland benefits evaluation and constructed wetland strategy implementation? 

Resiliency of Constructed Wetlands and Maritime Forests 

· Which areas have sufficient sediment supply for sustainable wetland systems? 
· How adaptable are Phragmites and Spartina to sea-level rise? 
· What is the self-recovery time scale and affecting factors for maritime forests and coastal wetlands? 
· Which is the critical depth of filled sediment suitable for rooting, above which plants are most 

vulnerable to uprooting, freezing, and preying? 
· How to quantify the static and dynamic ice forces being exerted on natural shorelines? 
· How can the understanding of ice volume and coverage in the area, as well as the expected 

vegetation uprooting forces accompanying it, be improved upon? 
· How can the resiliency (or vulnerability) of coastal wetlands and maritime forests be quantified? Can 

existing resiliency evaluation tools, e.g., the CRT developed by TNC, be improved to examine 
resiliency considering present and future flood and sea-level rise hazards for NYC?  

· How is the resiliency affected by the urban settings of NYC? 

 Constructed Reefs 3.2.

3.2.1. Strategy Description 

Constructed reefs are artificially made reefs that lie in shallow water, submerged or emergent; are 
generally parallel to the shoreline; are constructed from environmentally safe, durable material; often 
accommodate shellfish or finfish; and can dissipate erosive wave energy. Constructed reefs can be 
made from a variety of eco-friendly materials such as rocks and other substrate that encourage shellfish 
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settlement and/or habitat changes favorable to other aquatic species such as finfish. Constructed reefs 
can be designed for a variety of goals including wave attenuation, the creation of shellfish and fish 
habitat, protection of endangered habitats, creation of recreational diving areas, and others, but may not 
be limited to a single function. Figure 3 presents images of constructed and living reefs.  

 

 

Figure 3. Diagram of constructed reefs (NYC DCP 2013) and photo of living reefs (Katlin Walling) 

Although constructed reefs provide habitat for multiple shellfish and finfish species in the NYC area, this 
study often discusses oyster habitats in detail as an example of ecological benefits specific to a given 
species. This is both due to the availability of information related to oysters and the fact that, along with 
mussels, oysters are the dominant species that are capable of growing rapidly in brackish water and 
colonizing the constructed substrate near estuarine river mouths and in nearshore areas (Rella and 
Miller 2012). 

Naturally occurring living reefs often serve to protect fragile shorelines and marshes and their economic 
and ecological values. Unfortunately, many natural reefs have disappeared due to natural or 
anthropogenic causes (Kroeger 2012; Rella and Miller 2012). Constructed reefs can function as 
breakwaters when placed at emergent (high-crest) or near-emergent (low-crest) elevations. This strategy 
is a well-established method for protecting and stabilizing shorelines in sheltered areas. For instance, 
constructed oyster reefs in Mobile Bay have been designed to reduce wave heights and energy by 
50 percent or more, reducing shoreline erosion and associated damages to private property and public 
infrastructure. The local economic value of this wave attenuation may be large, based on evidence from 
other studies that looked at property values and insurance premiums for coastal U.S. areas (Kroeger 
2012). 

Innovative design of artificial reef units, such as reef balls (Reef Ball Foundation Inc.), pyramid fish haven 
(Living Shoreline Solution Inc.), and other eco-friendly designs (Reefmaker Inc.) enhance their ability to 
attenuate waves without blocking free water flow. These designs can be optimized to specific criteria. 
Some reef unit designs are optimized for shellfish, while others are optimized for finfish. For instance, 
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some artificial reef structures, under suitable external conditions, are designed to be inhabited by finfish 
species during post-larval stages, with the reefs providing shelter and access to food. 

When lacking a native community for supporting reef growth, implementation of constructed reefs 
typically begins in a controlled environment. In the case of shellfish, the larvae of the species naturally 
seek out a hard surface to settle upon and therefore a substrate must be provided. After the nursing 
period is complete, the shellfish can be permanently planted offshore. With time, generations of the 
species continue to grow and large reef structures are eventually formed. As these reefs develop, they 
also provide critical aquatic habitat. Reefs, constructed or natural, serve as breakwaters, stimulating 
deposition in the quiescent areas behind the reefs where vegetation takes root. In addition, constructed 
reefs can provide important ecological functions such as water filtration to improve water quality. They 
allow the shoreline to retain many of its natural features, neither affecting the natural curvature of the 
shore nor the view of the stream bank or bay (Rella and Miller 2012). 

Although constructed reefs are desirable from an ecological viewpoint, they are strictly limited by many 
environmental factors. For instance, along the north Atlantic coast, reefs are highly susceptible to 
damage from debris, ice, and sometimes longshore shifting sediment (Taylor and Bushek 2008). 
Additionally, oyster reefs are limited to low to medium energy environments with a small to moderate 
tidal range. Finfish and other species are additionally sensitive to these external factors and further 
piloting and testing studies are required for high wave energy environments for a variety of reef types. 
Temperature is another environmental concern for reefs, particularly those targeting shellfish habitats. A 
study on oyster colonization in the HRE linked the success and demise of oysters to warm-cool cycles 
during the Holocene (Carbotte et al. 2004). However, there is still the potential for development of 
intertidal oyster reefs in temperate estuaries along the north Atlantic coast. Lastly, in New York Harbor 
areas, water quality and current velocity may be two of the most important factors limiting reef 
colonization due to pollution discharges (Chin-Sweeney 2003; HRE 2009; Zarnoch et al. 2012).  

From a maintenance and safety standpoint, constructed reefs must be clearly marked to avoid 
navigational hazards and human injury due to abrupt changes in slope and depth of the shoreline, 
particularly in heavily trafficked areas. An additional safety concern is the introduction of contaminated 
oysters into food markets and the associated increases in public health risks. Regulatory requirements 
are very strict for oyster reefs to prevent illegal oyster harvest. 

3.2.2. An Update on the Status of the Science 

Coastal Hazard Mitigation 

Because of the limited horizontal dimensions, constructed reefs do not provide substantial storm surge 
reduction. However, constructed reefs break and dissipate short waves, and hence are being used to 
reduce shoreline erosion caused by storms and boat wakes (Scyphers et al. 2011). Many reef types 
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have been successfully constructed to protect residential properties located along the banks of small 
estuaries, e.g., Virginia’s Artificial Reef Program (http://mrc.virginia.gov/vsrfdf/reef.shtm). Whether or not 
the construction of large-scale reefs in more open water would be equally as cost effective as those in a 
semi-closed environment remains a question. A tremendous amount of substrate material might be 
required to construct large-scale systems, and they could create unacceptable hazards to navigation 
depending on where they would be constructed.  

To evaluate the hazard mitigation performance of constructed reefs, a wave transmission coefficient 
indicating the portion of wave energy transmitted from the unprotected side to the protected side is a 
common parameter. Although the relationship of this parameter with traditional breakwater dimensions is 
developed from model tests and field observations (e.g., the Coastal Engineering Manual [USACE 
2002]), understanding of wave transmission effectiveness over constructed reefs with various reef unit 
designs is limited. Three-dimensional numerical models that can resolve the characteristics of pierced 
reef units are useful to simulate wave propagation and to quantify wave transmission coefficient.  

A high-crest reef will be more effective in dissipating wave energy due to its bathymetric and topographic 
resistance; however, it has been noted that a near-emergent reefs (closer to mean sea level) will be less 
exposed to intense forces and more likely to survive. Additionally, the length of uninterrupted reef will 
have a direct effect on the stability of the overall structure, as well as the level of protection. The gap 
along the length of the project between two reefs should not be larger than 2 times the individual reef 
length and generally is around 2 times the bay indentation (the maximum offset of the embayed beach 
from a line connecting adjacent breakwaters according to the headland breakwater studies (Hardaway 
and Gunn 2010). These rules need further verification for constructed reefs if designed as modified living 
breakwaters. In addition, drainage, elevation changes, recreational access, and sinuosity of the project 
should all be considered in the final design. For oyster reefs specifically, more design guidance can be 
found in the Oyster Reef Habitat Restoration (Luckenbach and Coen. 2003) and the Oyster Habitat 
Restoration Monitoring and Assessment Handbook (Baggett et al. 2014).  

Ecological Benefits 

Constructed reefs can be used independently or used to enhance constructed sill, revetment, bulkhead, 
or breakwater structures ecologically. Similar to their stone counterparts, constructed reefs allow for a 
significant amount of habitat development in nearshore areas, e.g., finfish, shellfish and lobster habitat. 
By decreasing the amount of energy in the water shoreward of a structure, marine fauna and flora can 
become established in areas where wave energy would normally be too intense for these habitats to 
develop. Properly designed constructed reefs with appropriate crest height and window spacing allows 
for circulation, preventing the water behind it from becoming stagnant. Circulation must also allow 
nutrients and harmful pollutants from upland sources, which normally enter the water during periods of 
heavy rain, to exit the area behind the sill in order to prevent negative impacts on marine life. Animals 
that are attracted to these areas include waterfowl and small mammals that feed on the seeds from the 
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marsh plantings, invertebrates (fiddler crabs, snails, amphipods) that feed on the organic matter in the 
soil, and fish that feed on the organic matter of broken-down plant and animal material (Miller et al. 
2014).  

Although constructed reefs have claimed many benefits, they still require careful regulation and planning, 
especially when non-natural material is used as the substrate. Environmental and ecological concerns 
include toxicity, damage to ecosystems, and concentrating fish into one place (e.g., may cause 
overfishing). The effects of constructed reefs on the economically important species need be studied 
prior to implementation. Ecopath with Ecosim (EwE) is a mass-balance assessment model, commonly 
used for fish species evaluation, which can estimate snapshots of biomass for a given species at any 
time after implementation of a project. Application of EwE in the city area requires accurate baseline 
knowledge of reproduction, migration, mortality of a critical species, and its linkages with other species. 
The information on benthic habitats and critical species that can serve as indicators of the natural in the 
area remains a large gap, which prohibits understanding of environmental and ecological impacts of 
constructed reefs on existing ecosystem. In addition, effects of environmental variables on growth charts 
of critical species (shellfish, fish, lobster, etc.) need to be monitored in pilot projects. Baggett et al. (2014) 
built upon previous documents that provide more general monitoring recommendations or site selection 
guidance (e.g., Brumbaugh et al. 2006). It provides a good framework for designing, monitoring, and 
measuring reef habitats. A field test should be conducted to apply and exam the rules and metrics 
proposed by Baggett et al. (2014) in the New York Harbor area for creating sustainable constructed reef 
projects. 

Numerous studies have examined oyster reef benefits specifically. The Oyster Restoration Research 
Project (ORRP) in NYC, completed in 2012, studied five pilot oyster restoration projects (Bay Ridge 
Flats, Governors Island, Hastings, Soundview, and Staten Island) and developed four criteria for 
determining the oyster restoration potentials. The criteria include spat-on-shell, survival and growth, 
natural recruitment, and environmental conditions. The Soundview site had the best overall development 
patterns indicating the best prospects for successful restoration efforts. Lessons can also be learned 
from successes and failures of previous implementation of oyster reefs in other places, such as optimal 
placement (Grabowski et al. 2005; Swann 2008; Scyphers et al. 2011; Grabowski et al. 2012; Kroeger 
2012; zu Ermgassen et al. 2013). 

Oysters and mussels are filter-feeding organisms and internally concentrate any harmful pollutants 
present in the water (NY/NJ Baykeeper 2005). Oysters have been described as a keystone species 
because they provide valuable ecosystem services for their habitats (Ravit 2012). This colonial species 
form reefs that provide food and nesting habitat, as well as sequester carbon, recycle biological material, 
and boost benthic productivity (Risinger 2012). Oysters can dramatically improve water quality (NY/NJ 
HEP 2012). An adult oyster is capable of filtering as much as 50 gallons of water per day (NY/NJ 
Baykeeper 2006). This filtering reduces the turbidity of the water and the nutrient load, while increasing 
levels of dissolved oxygen (Ravit 2012). Due to their ability to support other organisms and define a 



 
 
 
 
 
 
 
 

NEIWPCC_Coastal_Green_Inf_final_submittal_12012014.pdf 32 

Coastal Green 
Infrastructure Research 
Plan for New York City 

community, the oysters are considered to be the ecosystem engineers of the water in which they inhabit 
(NY/NJ HEP 2012).  

Drivers of Change: Failure Causes and Resiliency 

A constructed reef is subject to the same modes of failure as any other sloping-front structure, such as 
sill, breakwater, or revetment. As waves reflect from the front and ends of a stone structure, the water’s 
motion will scour the toe and flanks of the structure. Scour around any structure is typical, and continued 
erosion may result in the structure slumping or the shells moving. This will decrease the effectiveness of 
the structure to work as a breakwater but can be prevented with routine inspections (Miller et al. 2014). 
Scour concerns should be less with constructed reefs which are colonized successfully; years of 
successive settlement of larval oysters on adult oyster shells provide levels of surface and interstitial 
heterogeneity that are rare in marine ecosystems (Bartol 1999). Such surface complexity will be effective 
in further dissipating the waves and reducing the levels of reflected energy. Additionally, if the ground 
beneath reefs is not properly compacted prior to placement, the soil will sink due to the weight of the 
structure. Oyster growth is very dependent upon their position within the water column and habitat 
structure (Lenihan 1999). Sedimentation from being too close to a river or bay bed can reduce growth 
rates and increase mortality rates of oysters (Miller et al. 2014).  

Historically, living reefs have been more commonly constructed in locations such as the Chesapeake 
Bay and Gulf of Mexico where ice does not need to be considered. However, ice should be considered 
into the design when constructing a living reef in the Northeast. Floating ice, acting similarly to other 
types of floating debris, can apply large forces to the reefs, causing structural damage and in the case of 
living reefs, crush the shells forming them. Additionally, when ice becomes frozen to the structure, entire 
sections of the structure can be uplifted due to buoyant forces at high tide. In most cases, the damage 
due to ice freezing to the reef structure will cause a gradual failure (Miller et al. 2014). In addition to 
structural damages from ice, some species require specific temperature regimes to survive. For instance, 
oysters can survive dormant in cold water but will die if exposed to cold air; therefore, it is important to 
ensure that the oysters remain completely submerged during low tide (NY/NJ Baykeeper 2005). 

One of the most important considerations and normally a limiting factor is the water quality. The HRE 
had significant populations of eastern oysters (Crassostrea virginica) prior to the 1920s (Zarnoch et al. 
2012). A combination of overfishing, pollution, and habitat destruction led to the loss of both the oyster 
fishery and the ecological services oysters provide. Both oyster and mussel reef systems require specific 
conditions in order for the species to thrive and become self-sustaining. Salinity is the most important 
factor influencing the growth and survival of oysters and mussels. Oysters can tolerate a wide range of 
salinity in the intertidal zone (Risinger 2012), ranging from 5 to 40 practical salinity units (psu), with 14 to 
28 psu being an optimal range (Galtsoff 1964). Concerns with developing oyster reefs in an estuary or 
bay include the oyster’s susceptibility to freshets, pulsed freshwater events from melting snow and ice at 
the end of the winter, and triggered disease risks (Buzan et al. 2009). A freshet can have a large impact 
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on the salinity of the lower portion of an estuary with a large river discharge like the Hudson, dramatically 
affecting key ecosystem processes (Steimle 2005; Rella 2014) and triggering oyster disease (Buzan et 
al. 2009). In addition, shell-based reefs will need to be stocked with oysters at a density that will 
maximize fertilization. Mortality is likely to occur due to predation (e.g., oyster drills) and MSX 
(multinucleated sphere unknown) disease; thus, reefs may need to be continuously monitored and 
stocked to maintain optimal density (Ewart et al. 1993; Zarnoch et al. 2012). 

3.2.3. Unknowns and Data Gaps 

The following unknowns and gaps were identified by the research group for the constructed reef 
strategy. 

Impacts of Constructed Reefs on Flow Dynamics and Wave Transmission  

· What are the flow patterns through reef units? How are the flows affected by the shape and the void 
space of the unit?  

· What is the circulation pattern behind structures? How is that related to the residence time of the 
tranquil water?  

· What are the wave transmission coefficients of various artificial reefs?  
· How do project properties such as footprint shape, proximity to coast and crest elevation affect wave 

transmission over reefs?  
· How does the surface roughness of reefs affect wave transmission?  
· How would sedimentation behind the reef be impacted?  

Ecological Benefits 

· Which pilot studies are required to determine the minimum project that are necessary for effective 
wave dissipation and significant ecological benefits? How does the project scale affect oyster 
implantation and colonization?  

· What field tests should be conducted to exam the rules and metrics proposed by Baggett et al. 
(2014) in the New York Harbor area for creating sustainable constructed reef projects? 

· What are the relevant ecosystem models currently available? What are the limitations of those 
models? How to improve the basics of those models, e.g., increase spatial and temporal resolution, 
include more stressors? How to relate those models for NYC? What are critical aquatic fauna 
species? How do the aquatic fauna species respond to environmental variables, such as salinity, 
turbidity, and chemicals?  

· How can benthic habitat information be efficiently collected and catalogued for analyzing habitat 
displacement and evaluating ecological impacts of reefs and other in-water CGI strategies? 

· What are possible structural benefits achieved by developing oyster reefs on marine infrastructure 
(i.e., effect on structural strength, chloride penetration, physical forces absorption)? 
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Constructed Reefs Feasibility and Stability 

· How can acceptance of constructed reefs be improved? Can experimental projects and monitoring 
protocol be developed to document and bridge the potential difference between findings and data 
collected in other regions?  

· Which are the critical factors (water quality, substrate chemical, social) in NYC destroying oyster 
reefs? 

· How oyster colonization and shellfish and finfish populations are affected by flow speed and 
circulation patterns? 

· Would the construction of large-scale reefs in more open water be equally as cost effective as those 
in semi-closed environments? 

· What data are available for reefs in a high-energy environment for NYC and other regions?  How 
can pilot projects be setup for testing reefs in a high-wave energy environment and what parameters 
need to be monitored?   

· How can knowledge regarding wave climate, including boat wakes which are often more important 
than wind wave, be improved to aid in the design and planning of constructed reefs?  Where are 
critical sites to monitor waves and wakes?  How much do the wakes change between their point of 
generation and the shoreline in different portions of the Hudson?  Are the existing vessel wake 
formulas accurate enough for use in NYC? 

· How can larval transport be assessed at a harbor scale? 
· In addition to the ongoing ORRP oyster reef study, which additional tests are needed to improve 

oyster reef implementation?  What studies are necessary for other reef types targeting species like 
finfish? 

· What is the optimal crest elevation, considering structure stability and resiliency?   
· What are the properties of oyster substrate that determine oyster growth and multiplication and how?  

What are the impacts of MSX and oyster drill in NYC reefs?  Is there a time period, relative to reef 
construction, in which oysters are most vulnerable to MSX and oyster drill? 

· How can the forces from floating ice, buoyant forces from ice during high tide, as well as the 
pressure from sheet ice piling up along a shore be further understood? Can we consider further 
limiting any interaction between the shellfish and the ice if a maximum predicated ice thickness could 
be determined for the project site?  

 Constructed Breakwater Islands 3.3.

3.3.1. Strategy Description 

Constructed breakwater islands are artificial islands that mimic sand bars, wetland islands, or barrier 
islands that are built at emergent elevations in offshore shallow water areas; are narrow structures with 
mild lateral slopes; are constructed through offshore nourishment or by using geotextile tubes filled with 
dredged material to create a base, then filled with rock or sand; can be integrated with some or all of the 
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following: beach, dune, swale, beach grass, marshes, back barrier marsh, maritime shrub/forests, living 
reefs, and/or SAV to create shorebird and marine organism habitats; and protect seafront areas from 
wave forces. 

A breakwater island can be considered as a functional combination of an artificial island and a 
breakwater. The main coast at the lee side of the constructed breakwater island is sheltered from erosive 
waves under either normal or more extreme weather conditions. Furthermore, surge height may be 
reduced on the protected side of the breakwater because surge overtopping can be limited or redirected 
(Stone et al. 2005; Otten et al. 2006) during low-intensity, frequently occurring storms. Consequently, 
less flooding and erosion stimulate sediment accumulation, especially when sediment supply is 
sufficient.  

Unlike the multi-layer traditional breakwater, this strategy includes a core installation (e.g., marine 
mattress and geotextile tubes) and a surface layer of sediment nourishment. The constructed breakwater 
island appears more natural than traditional breakwaters and provides ecosystem goods and services by 
establishing coastal wetlands, maritime forests, SAV beds, and living reef substrate. Figure 4 shows a 
conceptual design of a constructed breakwater island in the Fort Pierce Marina, Florida. This project 
creates an island area of 15 acres and a total habitat area of 21 acres, including oyster habitats, 
mangrove communities, coastal dune habitats, seagrass recruitment, and shorebird habitat.  

  

Figure 4. Conceptual view of a constructed breakwater island in the Fort  
Pierce Marina, Florida (Czlapinski 2013) 

Because habitat types differ considerably between Florida and NYC, appropriate species should be 
carefully introduced in the planning and design phase of this strategy along the NYC coast. Key species 
can be found in the New York Natural Heritage Program (Edinger et al. 2014). For instance, northeastern 
shrubs such as bayberry (Myrica cerifera), marsh elder (Iva frutescens), and salt bush (Baccharis 
halimifolia) are potential species. 

In addition to the hazard mitigation potential and ecological benefits, this strategy also has economic and 
social benefits. In an area where erosive waves are prevalent, constructed breakwater islands can 
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provide protection while utilizing less space for development, reusing dredged material, and maintaining 
access to the waterfront. 

The challenges associated with this strategy are planning, permitting, and constructing and maintaining a 
large in-water structure that requires an underwater installation along with a large volume of sediment fill. 
Both site planning and nourished sediment retention are critical to a successful, functional, and structural 
design. Poorly placed islands may become sediment sources for navigation channel shoaling or 
adversely impact marinas and other areas intended to benefit from the strategy. Furthermore, unstable 
surface sediment may lead to an eroded island and eventual project failure. Therefore, comprehensive 
hydrological, hydrodynamic, and sediment dynamic studies are necessary to aid the entire process from 
design to implementation.  

The up-front capital costs can be significant when compared to traditional breakwaters while the 
construction cost varies with project sites. Due to the requirement for substantial sediment fill, a 
constructed breakwater island would be more cost effective in a shallow water environment where it 
would not require as much fill.  

3.3.2. An Update on the Status of the Science 

Artificial islands and breakwaters in isolation are fairly well-established strategies; meanwhile, a 
constructed breakwater island integrates the natural elements of an artificial island with the engineering 
features of a detached breakwater. The island reclaims land from the sea, enhances habitat diversity, 
and protects mainland coastal communities from marine forces, such as storm tides and waves. The 
mechanism of attenuating waves and the potential to create habitat relatively are well known, but may 
not be achieved without considerable study of a given project site. Active research for this strategy is 
more site specific and project oriented than fundamental. Optimal project footprints, crest elevations, 
types of mosaic habitats, and filling material should be addressed by studies in advance in order to 
facilitate planning, designing, and constructing. Most importantly, the reuse of dredged material, the 
definition of design storm events, and the natural littoral sediment budget are essential subjects to be 
explored in future research. 

Coastal Hazard Mitigation 

As a shoreline protection strategy, a constructed breakwater island inherits the hazard mitigation 
functions of conventional breakwaters and natural barrier islands. Impacts on storm surge and wind 
waves for this strategy result from the frictional and bathymetric resistance related to the bottom 
roughness and the landform’s shape. In cases where islands include marsh or forest ecosystems, 
vegetative resistance can play a role as well. Barrier islands and peninsulas can provide protection to 
waterfront communities from coastal storms (Benavente et al. 2006; Rosati 2009; Grzegorzewski et al. 
2008; Grzegorzewski et al. 2011) while also providing ecological value. Rego and Li (2010) reported that 
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a natural barrier system with a sufficient crest height can block and redirect the intrusion of storm surge 
based on numerical simulations of Hurricane Ike (2008) in Galveston Bay, Texas, for a wide range of 
barrier system conditions (e.g., existing, eroded, breached, flattened, and submerged). Aretxabaleta et 
al. (2014) demonstrated that barrier islands can reduce the semidiurnal tide transmission from offshore 
to a bay area. In the 2014 study, only 20 percent of the offshore semidiurnal tidal amplitude transferred 
into Great South Bay behind Fire Island along the coast of Long Island, New York. Thus, if a constructed 
breakwater island successfully mimics a naturally occurring barrier island, there is significant potential to 
reduce both spring and storm tide water surface elevation. However, the effectiveness is limited by its 
crest elevation and horizontal scale.  

Constructed breakwater islands more effectively dissipate shorter-period fluctuations, such as wind 
waves, than long waves, such as tides and storm tide. Short waves that have wave periods up to tens of 
seconds are more sensitive to bathymetric changes and bottom friction when water depth becomes 
shallow. A constructed breakwater island breaks and dissipates short waves, protecting shorelines from 
erosion or wave action. Wave attenuation rates vary with different combinations of constructed and 
natural elements. For instance, vegetation planting on the island surface can increase the surface 
roughness, thereby increasing the wave attenuation potential. When attempting to optimize hazard 
mitigation using this strategy, design considerations should include the benefits of reefs, beaches and 
dunes, and wetland and maritime forest habitats on short wave attenuation.  

Reduction of long waves is more difficult to account for in the design of these strategies, as necessary 
length and width scales of the island may be substantial in order to have notable influence on tidal level 
and/or storm induced water level fluctuation. Additionally, gradual hazard erosion mitigation and 
sedimentation is directly tied to strategy location and shape. When constructed breakwater islands are 
placed to protect a sandy beach, sediment deposition may occur in the low energy environment behind 
the breakwater island. Sedimentation rates are dependent on the local sediment longshore and cross-
shore transport patterns. When placed to protect a harbor or to create a vessel passage from open to 
tranquil waters, sediment accumulation in the lee may need to be mitigated 

As previously mentioned in Section 3.1, an often-applied metric for evaluating the hazard mitigation 
potential of CGI strategies is hydrodynamic quantity (e.g., wave height, water level) reduction. In the 
case of constructed breakwater islands, a wave transmission coefficient (the ratio of wave height 
offshore to that on the leeward side of the island) is often used to quantify the breakwater performance. 
Relatively speaking, the effects of crest elevation on the transmission coefficients are well documented 
for traditional breakwaters (e.g., USACE 1984, USACE 2002; Hardaway and Gunn 2010). Because of 
the advanced numerical and physical models, breakwater footprints, including location and shape, can 
be adapted to mitigate complex wave climates and embrace more innovative designs. The basic design 
parameters, such as segment gaps, segment lengths, and proximity to the shoreline, are still important. 
However, the existing empirical relationships among those parameters developed on the basis of 
implemented projects and natural landscapes (USACE 2002) can only be used for initial estimations. 



 
 
 
 
 
 
 
 

NEIWPCC_Coastal_Green_Inf_final_submittal_12012014.pdf 38 

Coastal Green 
Infrastructure Research 
Plan for New York City 

Advanced computer models and physical models allow for more detailed assessments of complicated 
design of footprints and configurations to understand the impacts of design on both hazard mitigation 
and ecological benefits. A calibrated numerical model together with a physical model is a desirable 
approach to investigate the feasibility and effectiveness of such a strategy.  

Ecological Benefits 

The major benefits of this strategy are generated by transforming traditional intrusive breakwaters 
(typically concrete or large stones) into more natural barrier islands. This strategy can protect shorelines 
and provide socio-economic welfare to coastal communities. Ecological benefits are generated by the 
creation of habitat, including SAV, finfish, shellfish, sandy beach, and maritime or coastal 
marsh/shrub/forest lands, from shallow water to subaerial environments. Other environmental benefits 
resulting from the creation of various habitat types could include water quality improvement, greenhouse 
gas sequestration, and biodiversity improvement. These benefits are highlighted in Table 1.  

The magnitude of these benefits depends on the size of a project, the size of each habitat type, and 
accommodated species. The value of each habitat type per unit area can be obtained from other 
strategies, e.g., constructed oyster reefs, living shorelines, and constructed wetlands. The value of the 
entire system could then be evaluated by quantifying the linkage and interaction between various 
habitats through pilot project studies. Neither the habitat unit value nor the combined value has been 
thoroughly studied. 

In addition, this strategy requires a large volume of sediment; reuse of dredged material is one way to 
increase the project feasibility. A collaborative study reviewed the status of decontamination showing the 
evaluation and selection of advanced decontamination technologies (Stern et al. 2002). However, more 
recent studies were not found. The USEPA has documented options for Dredged Material Placement 
Decontamination Technologies. Prior to implementing this strategy, it is very important to develop the 
quality standards of soil placement for establishing healthy biota habitat and to explore suitable 
decontamination technology for NYC. 

Drivers of Change: Failure Causes and Resiliency 

A constructed breakwater island is a complex structure that can include one or more elements, such as 
beach, dune, marshland, maritime forest, and reefs. Each individual feature is vulnerable to various 
failure causes and therefore could contribute to the failure of the island as a whole, depending on a 
variety of storm or climate conditions. However, it should be noted that because this strategy creates a 
complex ecosystem, multiple types of redundancy exist, potentially making this strategy less prone to 
failure than some individual strategies.  
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To date, the lifespan of islands constructed from dredged material without engineering structures is not 
yet known, but it can vary significantly depending on where the island is located. Factors that may affect 
the sustainability (or failure) of this CGI strategy therefore are, first and foremost, the adaptability of the 
various habitat and ecosystem types within this strategy and the sediment stability of the strategy. The 
littoral sediment supply, the presence of engineered structures to retain nourished sediment, and the 
geotechnical and geochemical properties of dredged material used for the substrate are critically 
important. An appropriate maintenance and monitoring plan should be developed before a project is 
being implemented. 

A case study conducted along the New Zealand coast showed that planting vegetation immediately 
above the restored beach can guide a sustaining beach-vegetation cycle and can promote the 
self-recovery process (Berg and Limited 2007). The plants that tolerate abrasive sand, high wind, and 
salt exposure survive in a fairly hostile environment and can promote sediment accumulation. The 
relationship of mutual support between vegetation and sedimentation remains dynamic and can be 
affected by external stressors. Either insufficient sediment supply or vegetation mortality due to storm or 
sea-level rise can cause damages to the system and result in collapse of the feature.  

In a sediment-starved environment such as the New York Harbor, engineered structures (fences, sills, 
reefs, breakwaters) are critical to combat erosive forces and retain sediment. The breakwater islands for 
the Fort Pierce Marina, Florida, integrated a series of curved breakwaters and T-groins, which provide 
sediment nourishment. An understanding of the local sediment budget, including available sediment 
source sand sinks, is therefore needed in both planning for and designing any breakwater islands – in 
particular for the south shore of Staten island.  

3.3.3. Unknowns and Data Gaps 

The following unknowns and data gaps were identified by the research group for the constructed barrier 
island strategy. Many of the following questions can be addressed from studies related to other 
strategies, while some are meta-strategy questions, e.g., ecosystem value assessments across various 
habitats.  

· How is the circulation pattern in the area affected by the project?  
· How can we achieve consensus on project scale for this strategy? Can we anticipate an optimal 

project scale for specific objectives of habitat creation and survival?  
· How are habitat values and hazard mitigation potential enhanced in a multi-strategy complex such 

as this strategy?   
· What are the metrics to monitor the regional ecosystem, ecological communities, and various 

habitats?  Can a rapid assessment tool be developed to assess net ecosystem benefits for a 
multiple habitats complex?  
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· Are there efficiencies in obtaining regional sediment budget, water quality, salinity, turbidity, wave 
climate, and water levels data for project planning? 

· What are the regional and local sediment budgets for the NYC area? How can sediment transport 
models be improved to facilitate the implementation of this strategy? Where are suitable sediment 
borrow areas? How much sediment is available? What is the cost? 

 Channel Shallowing  3.4.

3.4.1. Strategy Description  

Channel shallowing is a strategy of reducing estuary or inlet depths to reduce the inland penetration of 
storm tides and can be a form of restoration in dredged systems that were historically shallower. In the 
case of a dredged system, a shallowed channel is a form of “restoration” and may promote the natural 
sedimentary system of tidal flats or wetlands. It could also improve wetland sustainability in the face of 
sea-level rise by providing a sediment source during storms or simply not providing a deep-water 
sediment sink that absorbs sediments that have been resuspended during the storm. Figure 5 shows a 
diagram of channel shallowing. 

 

Figure 5. Diagram of channel shallowing (NYC DCP 2013) 

This strategy is challenging and will likely be based more on economics and flood protection than 
ecosystem benefits. Channels were typically dredged for navigational purposes; there is typically an 
economic driver behind their maintenance. The cessation of maintenance dredging is referred to by the 
USACE as “de-authorization” and would require an economic assessment of tradeoffs. De-authorization 
may not be viable for large, high-traffic channels. However, one recent example exists of a shipping 
channel being de-authorized, in part because of a debate over whether it caused increased storm surge 
penetration. Dredging of the Mississippi River Gulf Outlet (MRGO) was de-authorized by the USACE in 
2007, and the channel was physically blocked in 2009 (Shaffer et al. 2009).  
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3.4.2. An Update on the Status of the Science 

The shallowing approach is a new concept, developed with attention to Jamaica Bay's Rockaway Inlet 
and two main interior channels, although it may have applicability to other channels and inlets in the 
region. The channels in Jamaica Bay were dredged deep and wide for shipping in the early 20th century, 
and archival research has shown that the average depth of the bay has increased from 1 meter in the 
1800s to 5 meters at the present (Swanson et al. 1992), leading to higher tides and larger tide ranges 
(Swanson and Wilson 2006; Swanson and Wilson 2008). Hydrodynamic modeling has been used to 
show that shallowing Jamaica Bay’s deep dredged channels would have reduced Hurricane Sandy 
storm tides by about one foot, and a combination of shallowing and extensive wetland island 
construction over much of the center of the bay would have led to a total reduction of 3 to 4 feet and a 
dramatic reduction in neighborhood flooding (Orton et al. in preparation). These experiments used an 
exaggerated shallowing to 6.6 feet maximum depth and were hypothetical scenarios designed simply to 
show the leverage shallowing has on flood elevations within the bay.  

The method to be used for shallowing is an open question, and the strategy has not yet been used in this 
region. At one extreme, envisioned by Orton et al. (2012), shallowing could simply be initiated by 
decommissioning a dredged channel and allowing natural sedimentation to occur over a longer period of 
time, which would be a simple and potentially cost-effective strategy. At the other extreme, shallowing 
could be accomplished through direct sediment in-fill, similar to beach replenishment. However, for some 
systems like Jamaica Bay, this would require much larger volumes of sediment than beach 
replenishment.  

A hydrodynamic modeling study of flood mitigation by natural shoreline features is presently underway 
for Jamaica Bay (Principal Investigators P. Orton, A. Blumberg, E. Sanderson, and K. MacManus),  
quantifying the impact of channel shallowing and wetlands on storm tides from a range of possible 
storms and on resulting flood zones (e.g., 100-year) for surrounding neighborhoods. An additional project 
is supplementing the study (Principal Investigators P. Orton, A. Blumberg, and J. Fitzpatrick), enabling 
researchers to also model structural flood protections (e.g., a surge barrier across Rockaway Inlet) and 
to quantify water quality and contaminant residence time impacts of all these adaptation options using a 
smaller set of storm scenarios. 

Coastal Hazard Mitigation 

Some basic aspects of bathymetric influences on storm surges or tides are at least qualitatively 
understood. Both tides and storm surge are “sea-level events” – events causing anomalies in sea level 
of varying durations, although surges are mainly forced waves and tides are periodic waves with a 
well-defined period and wavelength. Shallow (or narrow) channels at inlets and inside estuaries can 
reduce inland penetration of a tide due to a “bottleneck” effect of reducing the cross-sectional area of the 
channel and the resulting tidal prism (the amount of water transported in and out of a bay or estuary).  
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However, the detailed hydrodynamic effects of channel shallowing require further study and may be 
highly site or storm specific. There are locations where a shallowed channel might worsen flooding. For 
example, a reduction in the cross-sectional area of a river channel can slow the runoff of inland rainfall 
floodwaters, inducing flooding. Also, the time scale of the sea-level event, whether it be tides or a storm 
surge, also can influence its penetration into a bay or estuary – storm surges from cold-season storms 
(e.g., nor’easters) have a longer time scale, on the order of 1 day, and the bottleneck and frictional 
effects of a shallow inlet or channel may be lessened. A rapid sea-level event such as semi-diurnal tide 
or a fast-moving or small hurricane can have a time scale on the order of hours, and may be attenuated 
more strongly by a shallow inlet or channel (Aretxabaleta et al. 2014). A sea-level event like Hurricane 
Sandy’s storm tide can be a combination of both types of events, with sea level rising for a few days 
(sometimes referred to as “forerunner surge”) that penetrates into coastal embayments with little 
attenuation (e.g., Kennedy et al. 2011), followed by a rapid final sea-level pulse in the final hours.  

Inside harbors and estuaries, there may also be opportunities for shallowing as flood protection, focusing 
on tide creeks that were once dredged for ship access to former port or industrial operations. Some tidal 
rivers have already shallowed due to natural sedimentation, such as the lower Hackensack River. The 
flood reduction that has already potentially occurred for areas surrounding these shallowed channels 
should be studied. Others tidal channels such as Newtown Creek are also possible candidates for study 
because they are pathways for flooding to enter into urban neighborhoods.  

Very few studies have looked into the penetration of storm tides through a range of inlet and channel 
types, nor the intentional manipulation of their depths to mitigate storm tides. Due to this relative lack of 
prior research as well as the complexities listed above, numerical modeling studies are recommended 
for improving an understanding of the potential of channel shallowing for coastal hazard mitigation.  

Ecological Benefits 

The water-quality and ecosystem impacts of shallowing are also an area requiring further study because 
little is known at this time about these effects. The shallowing of an inlet could reduce the water 
exchange between the bay area and the open ocean, which could adversely impact the water quality 
inside the bay. To what degree the water quality will be affected for a given system should be studied in 
advance. An extreme example of the relationship between inlets and flushing is the breach on Fire 
Island, which has been shown to have improved water quality; closing this breach would likely eliminate 
the flushing of bay waters and eliminate this benefit. 

Shallowed inlets or channels may increase the trapping of sediment inside a bay area, and thus 
stimulate vertical accretion of wetlands. It is possible that implementation of this strategy in Jamaica Bay 
may benefit wetland creation projects inside the bay. Baseline data including water quality, soil 
properties, groundwater table, and marsh species (growth) should be collected for impact control. 
Observations of vegetation growth and coverage are also important. It would be best to use remote 
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sensing for data collection in a large two-dimensional extent; otherwise, it is costly to conduct a field 
survey in such a large region. Because this strategy largely relies on natural restoration after inlet fill, 
there is no specific habitat target. It will require more careful Before-After-Control-Impact (BACI).  

Drivers of Change: Failure Causes and Resiliency 

The strategy would be described as a failure if the shallowed channel is re-channelized due to natural 
flow (unstable cross-section) or if the channel shallowing poses overall negative impacts on the bay 
environment. Numerical studies can be utilized with an empirical relationship of tidal prism (the volume 
flux of water into and out of a system) and inlet cross-sectional area to predict the fate of a shallowed 
inlet and to determine the equilibrium depth of an inlet (Chen and Zhao 2008). Sea-level rise imposes 
instability on this strategy and may require maintenance to improve the channel depth toward a stable 
status. Understanding the stability of the inlet/channel requires tidal level records and the breaching 
potential during a storm event. Properties of existing sediment and fill-in sediment should be carefully 
reviewed for a stable construction of channel shallowing strategy. Ultimately, if channel shallowing 
promotes the ecosystem restoration, coastal resiliency will be improved and coastal defense enhanced.  

3.4.3. Unknowns and Data Gaps 

The following unknowns and gaps were identified by the research group for the channel shallowing 
strategy. 

Hazard Mitigation Potential 

· Are there existing de-authorized channels that have already naturally shallowed, and if so what has 
been the influence on flooding? 

· What is the potential of this strategy for storm surge and wave reduction?  
· What is the flood reduction benefit for this strategy for a variety of different flood events, from more 

common, annual floods to extreme cases like Hurricane Sandy or worse?   
· What are the general channel and bay features (e.g., bay tidal prism, bay volume) that determine the 

capacity for channel shallowing to provide storm tide reductions? 
· What is the influence of channel shallowing on erosion and accretion of islands or other features 

within the system?    

Ecological Benefits 

· What is the human and ecological value of this strategy, and how does it compare to the human 
value of the navigation channel that would be decommissioned? 
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· What are the general channel and bay features that determine the impacts of channel shallowing on 
water quality? What the differences in water quality and residence time between with and are without 
channel shallowing? 

Channel Shallowing Feasibility and Resiliency 

· What is the feasibility of shallowing a given channel, balanced against the utility of a channel for 
deep-draft vessels, in terms of all present uses of that channel, economic or municipal?  

· Can we study the methods and time scales for shallowing a deep channel? What is the period of 
natural infill, based on present-day sediment transport? 

· How does channel shallowing compare to berms, riprap, walls, and surge barriers in terms of long-
term ecosystem and human resilience to flooding and sea-level rise? 

· What are the effects of this strategy on the local sediment budget? How do bay and regional 
sediment budgets influence the stability of this strategy? 

 Ecologically-Enhanced Bulkheads and Revetments 3.5.

3.5.1. Strategy Description 

Ecologically-enhanced bulkheads and revetments are two types of shoreline armoring structures. They 
are linear, narrow features placed along the shoreline fringe with a vertical face (bulkhead) or sloped 
surface (revetment); incorporate rough irregular surfaces where organisms can colonize; integrate 
ecologically friendly materials and vegetation; reduce wave energy; and resist bank erosion. This 
strategy could be implemented as a brand new structure, or one could modify existing bulkheads and 
revetments to ecologically enhance them with biological elements and features. Figure 6 presents 
sketches of possible ecological enhancements.  

 
Figure 6. Photograph of an ecologically-enhanced bulkhead at Hunts Point Landing, Bronx, NY (HDR 
Engineering, Inc.) and sketches of other possible ecological enhancements.  

Bio-wall Joint plantings Vegetated geogrids 
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Bulkheads and revetments are often used in urban areas, in marinas, and along rivers and coasts where 
space is limited. For instance, bulkheads are a common bank stabilization measure along the Hudson 
River. To limit the negative environmental impacts of these structures, without interfering with the 
structures’ functional purpose, a variety of ecological enhancements can furnish important shoreline 
characteristics and improve habitat areas used by finfish, shellfish, birds, mammals, and other aquatic 
and terrestrial life. However, the design of such measures for a particular location must reflect a delicate 
balance between the required hazard mitigation and factors such as cost, aesthetics, and ecological 
services. Ecological enhancements for existing bulkheads include placing stones at the toe to provide 
shelter for finfish and aquatic life; hanging baskets to support marsh plantings at varying elevations along 
the face of the wall; and hanging units to decrease current speeds to encourage marine flora and fauna 
along the wall. Ecological enhancements for existing revetments include drilling small holes in the armor 
stones to hold water and develop habitat during periods of low tide; placing tide pools at mean sea level 
to retain water, increasing habitat and biodiversity; and planting trees in the voids between stones to 
increase soil stability. 

Under certain circumstances, innovative techniques, such as live crib walls, vegetated geogrids, and 
tree/rootwad revetments, can be applied to provide protection and to create habitat as alternatives to 
bulkheads and revetments (Rella and Miller 2012). Each of these structures utilizes protruding 
vegetation, to slow current velocities, and stone and soil, to provide stabilization. Substituting these 
structure types is often limited by the necessity of a vertical wall for mooring vessels; the excavation of 
limited available land for the placement of structures with a larger footprint (e.g., vegetated geogrid or 
cribbing); or vulnerable and valuable property that requires the protection of traditional hard structures. 
Rella and Miller (2012) provides an overview of engineering approaches that have been used to manage 
erosion along sheltered shorelines, which are concentrated on but not limited to the HRE. Table 4 lists 
those techniques that can be used as alternatives to traditional bulkhead and revetments. They are 
displayed with respect to effects on hydrodynamics, sedimentation, primary ecosystem services, and 
vulnerability and resiliency. Three techniques, green (bio) walls, vegetated geogrid, and joint planting, 
which are shaded in Table 4, are the most applicable for ecological enhancements, retrofitting traditional 
bulkheads, and revetments. However, the ecological elements for each biologically engineered feature 
may not be appropriate for all sites and situations. For example, there can be problems with using 
vegetation and oysters because living creatures may fail to survive and grow. Vegetation is sensitive to 
soil type, water quality, and sunlight deficiencies. Shellfish may not survive and colonize the bio wall if 
water quality is poor. Plants may be uprooted by freezing and thawing, damaged by ice and debris, 
subjected to wave and current scouring, and trampled by wildlife and livestock. Careful selection of a 
strategy and its ecological components requires an understanding of the specific physical and ecological 
needs, including hydrodynamics, sediment patterns, bathymetry, and water quality. Therefore, design is 
location specific and requires extensive studies and data regarding the local environment. In-situ or 
laboratory experimental research and field observations are critical to implement a successful project. 
Site specific maintenance strategies are also required to ensure long-term project success (Allen and 
Leech 1997). 
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Table 4. Characteristics of ecological enhancement hazard mitigation measures 

Hazard Mitigation 
Measures 

Hydrodynamics Sedimentation Primary Ecosystem 
Services Vulnerability and Resiliency 

Flow
 

resistance 

W
ave 

reduction 

W
ave 

reflection 

Erosion control 

Sedim
ent trap 

N
atural 

appearance 

H
abitats 

provision 

Access to 
w

ater 

Adaptability Failure cause 

Green (Bio) wall          Storm surge, waves, sea-level rise 

Crib wall          
Moving ice and debris, sea-level rise, 
toe scour, rainfall 

Live crib wall          
Moving ice and debris, sea-level rise, 
toe scour, rainfall 

Wave screen          Ice and debris 

Rootwad 
revetment          

Flood, wave (overtopping), scour, 
sea-level rise 

Tree revetment          Flood, ice, debris, sea-level rise 

Jack field          Strong current, sea-level rise 

Geotextile roll          
Scour, root wedging, ice and debris, 
sea-level rise 

Vegetated geogrid          
Catastrophic storm waves rather than 
gradual hazards 

Joint planting          Storm waves, sea-level rise 

Note:  Positive results – yes  Positive results – some     Positive results – none 
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3.5.2. An Update on the Status of the Science 

Among the potential biological engineered features, green (bio) walls, vegetated geogrids, and joint 
planting are emphasized in the following discussion as the most applicable ecological enhancement 
measures for bulkheads and revetments for the NYC area. More than 50 percent of coastal and marine 
infrastructure is made from Portland cement, a poor substrate for biological recruitment due to its highly 
basic alkalinity, leaching of toxic compounds into the water, and minimal surface complexity (Perkol-
Finkel and Sella 2013). Habitats that do develop are typically less diverse than natural systems and are 
commonly dominated by nuisance and invasive species. By modifying the chemical composition or 
surface texture of coastal or marine infrastructure concrete, it is possible to improve its capability of 
supporting enhanced marine fauna and flora. The ecosystem services provided by enhanced 
infrastructure habitats include improved water quality, increased operational life span, improved 
structural stability, and mitigated hydrodynamic forces (Perkol-Finkel and Sella 2013). These services 
can be credited mainly to the natural process of biogenic buildup. Biogenic buildup is the deposition of 
calcium carbonate onto hard substances from oysters, serpulid worms, barnacles, corals, and other 
invertebrates creating valuable habitat for marine organisms. By lowering the high surface alkalinity of 
concrete from its normal pH of approximately 13 to 8 standard units (the average pH of seawater) and by 
texturizing or increasing the complexity of the surface, a more diverse recruitment and increased growth 
can be achieved (Perkol-Finkel and Sella 2013). A bio wall is a shear structure built on the substrate of 
bulkheads or gabions to provide ecological enhancement. Bio walls could incorporate terraced or 
roughened edges, utilize environmentally friendly materials, and introduce undulations along the length 
of a structure. A vegetated geogrid is a terraced wall consisting of alternating horizontal layers of soil 
wrapped in synthetic fabric with live branch cuttings throughout. Joint planting consists of adding live 
stakes or vegetation into the open spaces or joints of an existing riprap or rock-covered slope (Sotir and 
Fischenich 2007).  

Coastal Hazard Mitigation 

A bio wall is a transformation of a bulkhead that is meant for adding aesthetic and ecological functions. 
The potential protective values are limited to a slight reduction in wave run-up due to the surface 
roughness. The main protection function is carried over from the backbone structure, such as wave 
reflection and soil retention. However, because of the introduction of undulations, terraces, rough 
surfaces, and even vegetation, the impacts (especially negative) on the protection value of the 
transformed system need to be investigated so that the design of a bio wall can be intentionally guided.  

Joint plantings and vegetated geogrids reduce flow kinetic energy, by the roughness and porosity of the 
vegetation layer, and can reduce current speeds during a stream high-water stage (Iowa Department of 
Natural Resources (IADNR 2006) and associated with tidal flows. A vegetated geogrid requires a large 
amount of soil fill and its performance depends on the vegetation species and soil properties. A 
developed vegetated geogrid bank is expected to be covered by branches which provide significant 
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resistance. A joint planting is vegetated similar to a geogrid, but developed jointly with a riprap or rock-
covered revetment. Live stakes can be randomly installed, with a density of roughly two to four stakes 
per square yard. Stakes have to be inserted into the soil underneath the rock-armored layer (IADNR 
2006). The spacing of live stakes increases as the bank slope becomes steeper (Sotir and Fischenich 
2007). The developed joint planting installation performs similarly to vegetated geogrids. The protection 
values are attributed to the vegetative resistance.  

All of the discussed structures, except the bio wall, can create a tranquil environment at the lee (e.g., 
wave screen) or within the structure (e.g., vegetated geogrid), which leads to sediment accumulation and 
stream bank reinforcement. The main purpose of stream bank erosion control is thereby achieved by 
reducing wave energy or current speed at the shoreline, reinforcing the bank soil strength through root 
structures, inducing sediment deposition, buffering the abrasive effects of transported materials (ice and 
debris), and depleting pore water in the soil due to vegetation uptake (Klingeman and Bradley 1976; 
Gray 1977; Allen 1978). Figure 6 illustrates the structures of bio walls, joint planting, and vegetated 
geogrid.  

While effective in minimizing gradual erosion, these measures are susceptible to event-based hazards, 
such as storm surge flooding during an extreme storm event. This strategy offers storm surge flood 
control only up to its crest elevation. The extent of flood protection provided depends mostly on the 
structure’s elevation. The performance of the strategy will depend on project scale, ecologically- 
enhanced resistance, and changes in local climate (water levels, waves, and wakes). Perkol-Finkel et al. 
(2006) have proven that habitats exposed to stronger current regimes and increased mass-transfer 
accumulate more biomass. The disadvantage of being exposed to higher currents is increased shear 
stress on the surface of the habitat, which has proven to result in a decrease of the diversity of the 
species inhabiting the feature. Fixed habitats, which are placed along the shorelines of a body of water, 
where the slowest current velocities are experienced, are exposed to lower mass-transfer rates of water. 
Being exposed to fewer nutrients results in a decrease in the accumulation of biomass on the habitat; 
however, decreased shear stress does allow for more sensitive species to accumulate (Perkol-Finkel et 
al. 2006). Findings on effects of vegetation and oyster reefs on coastal hazard mitigation in other 
strategies can be, to some extent, applied here. Project-specific studies including field monitoring, 
physical models, and numerical models are necessary for design purposes. Herrington et al. (2005) 
applied scale physical models to test the impacts of implementing bio walls. Firth et al. (2014) suggests 
using native species diversity as an indicator to optimize the design and enhance the hardened 
structures. 

Ecological Benefits 

The ecologically-enhanced bulkheads and revetments are intended to improve the integrity of coastal 
ecosystem and enhance waterfront aesthetics. This strategy incorporates specific measures to attract 
and support both terrestrial and aquatic biota and to restore habitats. Aesthetically, they could also be 



 
 
 
 
 
 
 
 

NEIWPCC_Coastal_Green_Inf_final_submittal_12012014.pdf 49 

Coastal Green 
Infrastructure Research 
Plan for New York City 

designed to encourage access to the water and change the traditional concrete structure to a more 
pleasant natural landscape. 

Two major ecological functions and benefits provided by ecologically-enhanced bulkheads and 
revetments are water filtration and habitat creation. Oysters on the bio wall surface are capable of 
sequestering chemicals, which improves water quality. Vegetated geogrids and joint planting create 
waterfront habitat for terrestrial wildlife, reptiles, and amphibians. Overall, these ecological enhancement 
measures improve aquatic habitat by providing food and shelter both in the riparian zone and coastal 
water. Sediment accumulation creates habitats for benthos and further traps carbon in the deposition.  

Most likely, the ecological benefits of these strategies will not accrue until several months to 1 or 2 years 
after installation; therefore, the timing of initiation and project implementation is important. Furthermore, 
the extent of ecological benefits associated with ecologically-enhanced bulkheads and revetments is 
sensitive to the local environment and ecology. Prevalent vegetation species, slope of the bank, existing 
structure conditions, wave climate (wakes and wind waves), and current speeds are all important factors 
to consider in the design and appropriate placement along the waterfront.  

Drivers of Change: Failure Causes and Resiliency 

Designing an appropriate shore protection measure for a particular location reflects a delicate balance 
between the required human safety and factors such as cost, aesthetics, and environmental impact 
(Rella and Miller 2012). The primary cause of failure of ecologically-enhanced bulkheads and revetments 
is water surface elevations that are above the vegetation because few plants will survive when 
submerged. Washout of sediment as the floodwater recedes over the wall can also cause significant 
damage. Therefore, sea-level rise poses a considerable threat to the success and failure of these 
strategies. Where possible, to adapt to rising water levels, the bulkheads and revetments should extend 
higher in elevation. A bio wall tied to a bulkhead is not very adaptable to water level or other changing 
conditions after it has been built. Both joint planting and vegetated geogrids are adaptable in that an 
additional layer of stakes may be added to reach the desired elevation, until the elevation of the land 
behind the bullhead is reached. Because of the limited capability of self-adjusting to sea-level rise, 
design of this strategy should consider future sea-level change projections when possible, which requires 
accurate water level measurements, long-term trend analyses and an accurate understanding of vertical 
datum, which have been found erroneous for some locations. Improvement of those data is needed. 
Rella and Miller (2012) conducted a cost analysis comparing the economic value of traditional and 
alternative structures over a 70-year life span, considering the effects of two different sea-level rise 
scenarios. They concluded that living shoreline structures, despite their softer approach, were 
economically comparable to traditional structures. These living elements, under current conditions, 
improve the resiliency of the shoreline due largely to their ability to recover from moderate disturbances. 
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3.5.3. Unknowns and Data Gaps 

The following unknowns and gaps were identified by the research group for the ecologically-enhanced 
bulkheads and revetments strategy. 

Ecological Benefits 

· How successful is an ecologically-enhanced structure in providing ecological benefits in addition to 
its traditional function of shoreline protection and stabilization?  

· What are the metrics to monitor the regional ecosystem, ecological communities, and various 
habitats to demonstrate successful ecological enhancements?  

· Are there any other ecological enhancement techniques that can be used to retrofit existing 
bulkheads and revetments? 

Structure Design Guidelines and Resiliency  

· How do wakes impact ecological enhancements and structure design?  
· To what extent can vegetation stabilize the bank and structure?   
· What is the stone size and depth of rock cover layer that is necessary for avoiding root wedging?   
· If vegetation becomes overgrown, does it have an adverse effect on the shoreline?   
· How does ice impact the living elements of CGI projects (both vegetation and animal life)?   
· How guidelines are best improved for the design of coastal structures in icy environments? 
· What effect does the growth of invertebrates on marine infrastructure have on the structural integrity 

of the material and its expected lifespan?   
· Can ecologically-enhanced concrete and rough concrete surfaces increase the longevity and 

structural stability of hard coastal structures?    
· How does the accumulation of biomass on marine infrastructure affect the amount of chloride 

penetration and maintenance requirements? 

 Living Shorelines 3.6.

3.6.1. Strategy Description 

For the purposes of this study living shorelines are considered soft shore stabilization treatments that are 
placed along the shore fringe; are designed with a mild offshore slope extending to shallow water areas; 
may include features such as constructed wetlands, sills, vegetated geogrids, vegetated cribbing, 
shallowing with sediment fill; form shallow, calm aquatic habitat; always incorporate vegetation; provide 
ecosystem goods and services, such as recreation, water filtration, and carbon sequestration; and 
mitigate erosive waves and stabilize the shoreline. An “ideal” living shoreline concept (CBF 2007) is 
shown as a complex of living plants, biodegradable material sills, oyster reefs, and/or offshore 
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breakwaters. Living shorelines can be broad. In this study, the focus is on the sill-type living shoreline. 
Other types of living shorelines, such as living shoreline with constructed reefs, constructed wetlands, 
vegetated geogrid, are discussed in previous sections. The living shoreline strategy provides a natural 
approach for erosion control although it requires structural features to retain sediment and dissipate 
erosive waves attacking fragile shore. Traditionally, the structure is referred to as sills armoring for fringe 
marshes or wetlands that require a higher degree of protection. Figure 7 presents the typical concept 
and essential elements of a sill-type living shoreline.  

 

Figure 7. A sketch of living shorelines (CBF 2007) 

Sills are low-elevation stone structures constructed in the water parallel to the existing shoreline. It is 
possible to create sills from a number of different materials, depending upon what materials are locally 
available and the desired type of habitat to be created or enhanced by the structure. There has been 
some work, including work by TNC in Georgia (TNC 2012), to try to use natural oyster recruitment as the 
cementing agent and zoned native plants to effectively stabilize shoreline erosion. These materials, 
including rock, armor stone, grout-filled bags, geo-tubes, and natural materials such as oysters and 
mussels, may be utilized to construct the entire structure (Rella and Miller 2012).  

Sills dissipate wave energy, thus creating a tranquil environment. The tamed area of water lying behind 
the sill allows sand and sediment to accumulate between the structure and the shoreline. With time, this 
process can eventually raise the elevation of the bottom and create a perched beach given a sufficient 
sediment budget. This unique effect not only serves to further stabilize the shoreline or marsh behind the 
sill, but also replaces lost and eroded land. Often the area between the sill and the shoreline is filled 
during construction to accelerate the development of the perched beach and marsh plantings are added 
for stabilization, which further enhances the ecological goods and services of a living shoreline strategy, 
e.g., aesthetics, biodiversity, and recreation (Rella and Miller 2012). Sills, the only structural feature 
required by a living shoreline strategy, are low-lying, flexible structures that are less intrusive than 
traditional revetments or bulkheads with concrete units. This strategy allows the shoreline to retain many 
of its natural features, neither affecting the natural curvature of the shore nor the view of the stream bank 
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Above high tide 
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or bay. Sills do not limit access to or from the shoreline for humans and animals. More importantly, sills 
can also be easily adjusted in height and width to accommodate any changes in water level due to rising 
seas (Rella and Miller 2012).  

The flexible and small footprint of sills makes them desirable from an ecological viewpoint. Sills are 
limited to low- to medium-energy environments with a small to moderate tidal range. The smaller-sized 
stones used to construct sills are also susceptible to damage from ice during the winter or floating debris. 
The sediment that accumulates behind a sill is beneficial for marsh creation but can often result in the 
erosion of downdrift shorelines, as well as negatively impact nearshore SAV (Newell and Koch 2004). 
Due to a sill’s ability to blend into the natural landscape, its presence must be clearly marked to avoid 
navigational hazards and human injury due to abrupt changes in slope and depth of the shoreline (Rella 
and Miller 2012). 

3.6.2. An Update on the Status of the Science 

Coastal Hazard Mitigation 

The main purpose of this strategy is to mitigate shoreline erosion and degradation, which is often caused 
by gradual processes under general weather conditions and can be accelerated by acute events under 
stormy weather conditions. A stable living shoreline project promotes healthy marshland development. 
As a complex, the sill and the developed marshland reduce wave energy effectively. However, the 
quantity of wave reduction depends on the size of the sill, marsh width, marshland vegetation type, and 
the local wave climate. Potentially, tidal flooding and storm tide inundation can also be influenced 
because of the dense vegetation over the restored marshland. These energy and momentum 
dissipations are caused by resistance to the flow due to shallow bathymetry, rough bottom friction, and 
vegetal drag force. Details are provided in Section 3.1 “Constructed Wetlands and Maritime Forests”. 
Performance metrics are listed in detail in Table 2.  

Ecological Benefits 

A sill allows for a significant amount of habitat to develop between itself and the shoreline. Often, sand 
and sediment will accumulate between the structure, and the shoreline can, in time, raise the elevation of 
the bottom and create a perched beach. This benefit serves to stabilize the shoreline or marsh behind 
the sill, as well as replace lost and eroded land. Two of the most common marsh plants used in the 
Northeast are marsh grass (Spartina alterniflora) and salt meadow cordgrass (Spartina patens) (Miller 
et al. 2014).  

Spaces between the armoring stones and irregularity of shoreline curve can promote species richness 
and abundance due to the guarantee of water exchange and sheltered space, which can be used by fish 
and other marine organisms of varying sizes (Strayer and Smith 2000; Davis et al. 2006; Strayer 2007). 
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Properly designed sills with appropriate crest height and window spacing allows for circulation, 
preventing the water behind it from becoming stagnant. Circulation must also allow nutrients and harmful 
pollutants from upland sources, which normally enter the water during periods of heavy rain, to exit the 
area behind the sill in order to not negatively affect marine life.  

Expected species include waterfowl and small mammals that feed on seeds from marsh plantings, 
invertebrates (fiddler crabs, snails, amphipods) that feed on organic matter in the soil, and fish that feed 
on organic matter of broken-down plant and animal material (Miller et al. 2014). If the sill structure is 
constructed from living components, such as oyster or mussels, the ecological benefits can be 
increased. Oysters have been described as a keystone species because they provide valuable 
ecosystem services for their habitats (Ravit et al. 2012). This colonial species form reefs that provide 
food and nesting habitat as well as sequester carbon, recycle biological material, and boost benthic 
productivity (Risinger 2012). Oysters can dramatically improve water quality by filtering water, reducing 
the turbidity of the water and the nutrient load, and increasing levels of dissolved oxygen (Ravit et al. 
2012).. Sills are also desirable structures because they do not limit access to or from the shoreline for 
humans and animals. Sills may also be easily adjusted in height and width to accommodate any 
changes in water level due to rising seas.  

Drivers of Change: Failure Causes and Resiliency 

A sill is subject to the same modes of failure as any other sloping-front structures, such as breakwaters 
or revetment. If improperly constructed, the finer stones may wash out through the larger voids of the 
armoring, which could eventually lead to the deflation of the entire structure, lowering the structures’ 
crest and compromising its effectiveness. Additionally, if the ground beneath the sill is not properly 
prepared prior to placement, the soil will sink due to the heavy weight of the stones. Washout and 
subsidence are progressive, slow-moving failure mechanisms, which can be avoided with proper design, 
construction, and maintenance. Scour along the front and ends of any stone structure is typical and 
continued erosion may result in the structure slumping or the stones moving. This will decrease the 
effectiveness of the structure but can be prevented with routine inspections. Historically, sills have been 
more commonly constructed in locations such as the Chesapeake Bay and Gulf of Mexico where ice 
does not need to be considered. However, ice must be considered in the design when constructing a sill 
in NYC. Floating ice, acting similarly to other types of floating debris, can apply large forces to the stones 
forming the sill and move them out of place. The movement of individual stones does not necessarily 
signal impending failure, but reoccurring damage will ultimately take its toll. Additionally, when ice 
becomes frozen to the structure, entire sections of the structure can be uplifted due to buoyant forces at 
high tide. In most cases, the damage to a structure due to ice freezing will cause a gradual failure (Miller 
et al. 2014).  
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3.6.3. Unknowns and Data Gaps 

The following unknowns and gaps were identified by the research group for the constructed living 
shoreline strategy. 

Hazard Mitigation Potential 

· How effective are different sill materials (rock, gabions, bulkhead, living reefs) at dissipating waves 
and holding the front edge?  

· How do marsh characteristics (elevation, plant density, width) influence energy dissipation? 

Ecological Benefits 

· What are the ecological benefits of living shorelines? 
· How can edges be shaped to best enhance species richness and abundance?  
· What are the metrics to monitor the regional ecosystem, ecological communities, and various 

habitats?  
· What is the impact of living shoreline projects on water quality?  
· How successful are living shoreline structures compared to traditional structural strategies in terms 

of hazard mitigation potential and ecosystem values? 
· How do we integrate ecological benefits into project selection criteria? 

Living Shoreline Design Guidelines and Resiliency 

· What are the optimum sill dimensions (e.g., sill height, window dimensions, and spacing) for various 
estuarine/riverine conditions (e.g., channel shape, seasonal flow rates)?   

· How do poor underlying soil conditions impact the long-term stability of living shoreline projects?   
· How will sea-level rise impact living shoreline projects?   
· How does ice impact the living elements of CGI projects (both vegetation and animal life)?  
· How guidelines are best improved for the design of coastal structures in icy environments? 
· How can knowledge regarding boat wakes be improved to aid and improve living shorelines design 

guidelines?   
· How can present regulations be modified to allow for adaptive management of living shoreline 

projects? 
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4. Data, Conceptual Models, Monitoring, and Integration 

The importance of data collection, handling, and management in the development and implementation of 
CGI cannot be emphasized enough. For any or all types of data, efficient monitoring, archiving, mining, 
and sharing are needed to improve efficacy. Because data collection can be both expensive and require 
considerable time and commitment of personnel, innovative ideas that leverage the efforts of others to 
minimize work and costs for the region are needed and could offer an improvement in the overall 
regional repository. Data could include field observations of various physical and ecological variables, 
laboratory experimental measurements, pilot project case studies, and numerical simulation results. The 
following subsections focus on the scope of existing regional baseline data, how data are collected, and 
how data are disseminated. The data discussed in this section include field observations and CGI 
projects implemented or proposed in NYC, which can serve as both baseline data and a knowledge base 
for future project planning and design.  

 Baseline Data 4.1.

With respect to field measurements, baseline data are those used to determine the background 
environment where new services (e.g., projects) are to be implemented. The NYC coast is very diverse 
in both physical landforms and land use. As such, coastal hazards, ecological communities, and 
opportunities to improve coastal resiliency vary as well. Categorizing the baseline environments and 
understanding their physical conditions can facilitate better selection and design of CGI strategies. 
Drawing from previous waterfront planning and other regional efforts, this section documents the 
baseline environmental conditions in the NYC coastal region in the context of CGI.  

The Urban Waterfront Adaptive Strategies study (NYC DCP 2013) identifies nine categories of coastal 
geomorphology based on the geologic landforms, shoreline conditions, and shoreline exposure to wave 
forces. The nine categories are combined into four types of shorelines here, ignoring shoreline 
reinforcement conditions, e.g., with or without engineered structure armoring features. Figure 8 shows 
them as (1) oceanfront beach/slope/plain; (2) marshlands; (3) sheltered bay slope/plain; and 
(4) sheltered bluffs. These types of shorelines are occupied by natural wetlands, beaches, hardened 
parking surfaces, piers, waterfront parks, industrial uses, and, in some cases, vacant land. The 
geomorphologic maps and land use maps of shoreline types, occupancy, and hazard exposure are 
presented in Part II of the Urban Waterfront Adaptive Strategies (NYC DCP 2013).  

Shoreline areas are characterized by key environmental conditions and key ecological attributes. For 
instance, oceanfront shorelines encounter stronger waves than sheltered shorelines. Meanwhile, 
marshlands experience slower flow velocities than other types of shorelines. In addition to these physical 
conditions, ecological communities are representative at various shoreline environments. As a part of 
New York Natural Heritage inventory work, NYSDEC maintains a database of ecological communities 
representing the full array of biological diversity of New York State (Edinger et al. 2014). For instance, 
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evaluation and classification of mudflat habitat values will be important to decide the placement of fill for 
coastal wetland construction. In Jamaica Bay, Kings County, and Queens County, there are marine 
intertidal mudflats which consist of quiet waters with organic matter and rich substrates. Building 
constructed wetlands in these areas will convert the ecological communities to salt marsh. A project that 
converts mudflats to salt marshes can be difficult to permit because mud flats are so limited in the region. 
A group of pilot projects set up to monitor and document changes in habitats and habitat values from 
existing mudflat habitats will be helpful to understand how ecological services change and what are the 
habitat tradeoffs. Therefore, data acquired and corresponding analysis can advise permission and 
regulation.  

 

 

 

 

Figure 8. Geomorphology category 

Tables 5 and 6 catalog data types used to gauge key environmental conditions and key ecological 
attributes. The corresponding metrics and potential uses of each category are included in the table. Prior 
to implementation of any project, some of the data listed in Tables 5 and 6 need be collected for a 
suitable time period in order to define baseline conditions; for instance, winds, water levels, currents, and 
waves (wind and vessel generated). These are the fundamentals of a waterfront environment.  

Oceanfront features: 

Marshlands: 

Sheltered bay features: 

Sheltered bluffs: 
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Table 5. Environmental data inventory and metrics 

Data Category Metrics Sources Usage Availability 

Regional geology Sea-level rise, subsidence, 
shoreline retreat  

Literature, USGS, 
CO-OPS Scenario design Generally available 

Regional geography  Bathymetry, topography NGDC Review of geographic 
features, model input 

Digital Elevation Model (NYS GIS 
Clearinghouse) 

Tides, storm surges, 
HWMs (station) Water level fluctuation USGS, NOAA 

CO-OPS, FEMA 
Validation, surge reduction 

capability 

NYHOPS; Tidal gages (most stations have no 
data); 

high water marks for recent hurricanes and 
storms 

Water level (transect) Water levels, distance Literature, Survey Long-period wave reduction 
ability None 

Waves (station) 
Wave height 
Wave period 

NDBC 
Validation; wave 

attenuation capability; 
shoreline stability 

NYHOPS; Wave data only at the moored 
buoy; no data available from NOS stations 

Wake (station) 
Wave height 
Wave period 

Ad hoc network Shoreline stability None 

Wave (transect) 
Wave height 
Wave period 

Distance 
Literature, survey Decay coefficient 

regression None 

Current Current speed NOAA CO-OPS Validation, circulation in 
harbor NYHOPS 

Winds (station) Wind speed, direction NCDC, NDBC Driving force/wind model 
validation Generally available 

Wind field Wind speed, directions 
H*wind 

HRD/NOAA, wind 
model 

Driving force 
H*WIND dataset of Powell et al. (1996) 

Reconstruction from Holland (1980) 
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Data Category Metrics Sources Usage Availability 

Sediment transport 
Suspended sediment 

concentration, cross-shore 
and longshore transport rate 

Field study CGI strategy applicability 
and stability Some 

Sediment budget Deposition rate; resuspension 
rate; sediment budget Literature, Survey Siting, project planning Some 

Bottom sediment Grain size, mud fraction, 
consolidation, soil strength Survey Borrow pit usSEABED database (Reid et al. 2005); 

NYCDPR ongoing project 

Water temperature Sea surface temperature 
(SST) 

Survey, remotely 
sensed imagery 

Oyster and other species 
survival NYHOPS 

Water salinity Salinity (ppt) Survey Habitat development NYHOPS 

Water quality DO, CDOM, phytoplankton, 
toxic chemicals NYCDEP, Survey Environment monitor, BACI NYHOPS; NYCDEP 

Vegetation 
roughness** 

Drag coefficient, Manning’s 
coefficient 

Laboratory 
experiment 

Validation, formula 
improvement, numerical 

model improvement 
None 

Flow over vegetated 
bed** 

Flow velocity, water level, 
shear stress, vegetal drag 

Literature, 
laboratory 

experiment, 
physical model 

Validation, formula 
improvement, numerical 

model improvement 
None 

Ice sheet Thickness Observation Shoreline structure stability None 

Float ice Volume Observation Shoreline structure stability None 
** Vegetation is referred to as the prevalent species in the study area 
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Table 6. Ecological data inventory and metrics 

Data Category Metrics Sources Usage Availability 

LULC Land coverage classification NLCD, CCAP, 
NACCS 

Mask domain, habitat 
characteristics, project 
planning, roughness 

NLCD (1992, 2001,and 2006); digital 
orthoimagery program  

Vegetation 
morphological 
properties** 

Height, diameter, density, 
brunches, foliage, 

aboveground biomass 
Literature, survey 

Estimation of roughness 
coefficient; habitat health 

condition 
Some 

Biomechanical 
properties** Rigidity Literature, survey Estimation of roughness 

coefficient Limited 

Substrate properties Shear strength (with and 
without plants roots), pH Literature, survey Project planning Some 

Vegetation habitats  % of species Survey Project planning; habitat 
evaluation Some 

Fauna structure Species abundance, diversity Survey Project planning; habitat 
evaluation Some 

Wildlife Bird diversity Survey Project planning; habitat 
evaluation Some 

Habitat diversity Count Survey Project planning; habitat 
evaluation Some 

** Vegetation is referred to as the prevalent species in the study area 
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Figure 9. Observation stations 

Typically, these data are measured at a meteorological or hydrologic station and reported at various 
sampling frequencies for a long time period depending on the operation history of a gauge or a meter. 
Lack of data or data accuracy increases uncertainties in project planning and design, which tends to 
increase costs. To illustrate, consider it is well known that different tidal level zones (supratidal, intertidal, 
sub-tidal) are comprised of different biotic groups (e.g., Edinger et al. 2014). As such, mean sea level 
and tidal levels are key parameters in designing shoreline-stabilizing CGI strategies, such as marsh-sill 
living shorelines and oyster reefs. Poor records of water levels would result in improper design or 
construction of the strategies, which can be costly in the design phase (e.g., additional survey and 
design changes) or after construction by damaging habitats and ultimately causing the project to fail.  

In the New York Harbor area, some data monitoring stations are operated by federal agencies such as 
National Ocean Service (NOS), National Data Buoy Center (NDBC), and National Climatic Data Center 
(NCDC) (Figure 9). The station information and available data can be found on their websites. Other 
stations are Rockaway Inlet, ATON Gowanus 30, and Robbins Reef, New Jersey, from the regional 
observation system, the New York Harbor Observing and Prediction System. However, coverage of 
these stations is inadequate and data are rarely collected or published at most stations. The region could 
look to the northern Gulf of Mexico as a model for sharing data and monitoring where, since Hurricane 
Katrina (2005), the need for field measurements has received considerable attention. Wave and surge 
data collected during Hurricane Gustav (2008) are more extensive and detailed than for any previous 
Gulf hurricane. Agencies that collected data include NDBC, the Federal Emergency Management 

t  NYHOPS 
¤  NOS Layers 
l  NYSound Stations 
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    Water Level Only 
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Agency (FEMA), U.S. Army Engineer Research and Development Center (US-ERDC), academic 
institutions, and individual researchers (Dietrich et al. 2011; Kennedy et al. 2010). The lesson learned 
here is that adequate funding should be established for a long-term observation network and customized 
network for contingency (e.g., a storm event). Both event-based and long-term operational ad hoc 
deployments of instruments are necessary to improve existing observation networks and to ensure the 
accuracy of observed water level and its datum. Moreover, the action of collecting fundamental 
environmental data should be launched as soon as possible. But how can baseline data (water levels, 
vertical datum, salinity, dissolved oxygen, turbidity) be improved through funding mechanisms and data 
management to improve the probability of project success? 

In addition to collecting environmental data for the waterfront, including water levels, waves and winds, 
water quality, sediment, and vegetation, it is very important to assess ecosystem response. The 
usSEABED database (Reid et al. 2005) provides data describing sediment and rock distributions in the 
waters off the United States and incorporates a wide variety of information about seafloor sediment, such 
as sediment texture, composition, and classification.  

Harbor-scale or shoreline-scale information on seafloor sediment and geotechnical concerns would be 
useful for the siting and modification of in-water infrastructure. For example, a site with a hard bottom, as 
compared to a sandy bottom, can dramatically change the feasibility and type of in-water or living 
shoreline infrastructure. In NYC, usSEABED surficial sediment sampling covers mainly the Lower Bay 
and offshore region. The New York State GIS Clearinghouse archives and posts sediment data, such as 
sediment type, fraction, metal, and age in the HRE (Figure 10). A USEPA sediment quality study (Adams 
and Benyi 2003) conducted a second survey on bottom sediment in the NY/NJ Harbor area following a 
similar study in 1993 and 1994 (Adams et al. 1998). In Adams and Benyi (2003), there are 112 sampling 
stations in total (24 for each basin: Upper Harbor, Newark Bay, Lower Harbor [includes Raritan and 
Sandy Hook Bays], and Jamaica Bay). These datasets provide a good coverage of the NYC coastal 
area.  

Sediment geotechnical properties are critical parameters to coastal resiliency. A recent 2-year study by 
NYCDPR collected data regarding salt marsh assessment at 24 salt marsh complexes, including soil 
strength tests. Additionally, TNC is coordinating a Marsh Elevation Network research project between 
the USFWS, USEPA, U.S. Geological Survey (USGS), and NYCDPR to estimate the shear strength of 
soils in Long Island, Jamaica Bay, Pelham Bay, and Staten Island marshes. A comparison and review of 
these data upon project completion would be beneficial to identify gaps where additional data should to 
be collected.  
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Figure 10. Illustration of bottom sediment sampling coverage. Left: usSEABED database (Reid et al. 2005) 
and HRE Sediment Map (Bell et al. 2005); right: USEPA sediment quality study (Adams and Benyi 2003) 

It is recommended (or could be mandated) that additional data be collected from surrounding seafloor 
zones. Many studies related to dredging activity and dredging material up to year 2005 are cataloged by 
the Brooklyn National Laboratory (http://www.bnl.gov/wrdadcon/publications/articles/article.htm), 
including properties of sediments from the NY/NJ Harbor (Jones et al. 2002); sediment decontamination 
with beneficial use for the Port Authority of New York and New Jersey (Stern et al. 2002); and full-scale 
sediment decontamination applications (Stern et al. 2005). It would support harbor development should 
studies like these be carried forward in-depth, particularly if the monitoring and management of sediment 
properties, sediment quality, and sediment resources are integrated. A Regional Sediment Management 
Plan prepared under the sponsorship of the New York-New Jersey Harbor and Estuary Program (NY/NJ 
HEP) was released in 2008. Eight objectives and 45 recommended actions were presented, such as 
reducing sources of pollution, develop a sediment transport model and sediment budget, monitoring 
suspended sediment loading, and developing a dredge material beneficial plan. A sediment transport 
model was developed for the harbor (Miller et al. 2011) to examine the fate of sediment contaminants. 
Additionally, two ongoing projects funded through the Hudson River Foundation (HRF) focus on 
sediment transport, trapping and storage during extreme flow events (e.g. storms) in the Hudson River 
through numerical modeling and geological survey. The deliverables of these projects will improve the 
understanding of sediment movement and fate during high-energy event and provide more information 
about sediment resources in the Hudson.  

http://www.bnl.gov/wrdadcon/publications/articles/article.htm
http://www.bnl.gov/wrdadcon/publications/articles/SES-II-jones-050602.pdf
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Water quality, vegetation coverage, and biodiversity are documented on NYSDEC and NYSGIS 
websites. NYCDEP is responsible for the Harbor Survey Program, which collects water quality 
parameters, such as fecal coliform, dissolved oxygen, Secchi transparency, total suspended solids, and 
chlorophyll a (NYCDEP 2008). The Waterbody Inventory/Priority Waterbodies List (WI/PWL) Basin 
Reports provide narrative assessments of specific water bodies in each of 17 major drainage basins of 
the state, including the Jamaica Bay watershed and New York Harbor Watershed. However, coastal 
water quality is less frequently monitored, which is important to coastal ecosystem assessment.  

Ecological Communities of New York State (Edinger et al. 2014) includes a comprehensive classification 
of both natural and cultural communities in the state. The classifications of ecological communities 
describe various systems from marine to riverine, aquatic to terrestrial, and wetlands to forests, including 
documentation of both vegetation and animal species. In addition, the national Gap Analysis Program 
(GAP) develops the data to support habitats and ecosystem conservation. Recent data developed by the 
New York Gap Analysis Project (NY-GAP; Smith et al. 2001) shows that more than 80 percent of the 
terrestrial vertebrate species within New York State can be found in the Hudson River Valley, extending 
from Albany to NYC. A subsequent, regional gap analysis project (Smith et al. 2002), focused on the 
Hudson River Valley (HRV-GAP). However, due to the limitation in field observations in the HRV-GAP, 
alternate analytical methods are recommended in order to increase the number and expand the pattern 
of field observations for each land cover type. These methods could include multi-temporal imagery 
along with a more robust image classification algorithm. This will improve our knowledge of landscape-
level distribution patterns, leading to improved mapping and classification accuracies.  

Because it is expensive to conduct field observations, use of remotely sensed imagery can be a cost-
effective technique to generalize observations on a larger scale. Spatial resolution of imagery is critical to 
the level of accuracy, however, and while Landsat Thematic Mapper (which offers 30-meter resolution) is 
adequate for a regional environment application, the resolution may not be appropriate for a county or 
parcel-scale application. More intensive field validation in this case would be necessary. Collecting 
adequate land cover data and vegetation type is the key to defining the existing condition of the 
ecosystem during project planning and design to improve ecological services and reduce negative 
impacts.  

The lack of up-to-date harbor-scale benthic habitat data limits the ability to plan for in-water strategies 
including CGI. When working on land, typically regional or city-scale land use or land cover (LULC) maps 
guide planning decisions. However, in the water, less information is available. Data on species 
biodiversity, density and species clusters, and distribution abundance would be very useful; otherwise, it 
remains difficult to assess the quality and location of benthic and seafloor habitat. Benthic data over time 
would support the siting and orientation of in-water structures, such as reefs and constructed breakwater 
islands. More detailed data would also help confirm the accuracy of the existing data and could support 
assessments of ecosystem evolution (e.g., develop and refine conceptual and ecosystem models). 
Additionally, these data will assist in the development of a list of priority species and habitats.  
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When considering siting and implementation of CGI, spatial data of high-value species and sensitive 
habitat locations and abundances are important. In Staten Island/Raritan Bay, the area south of Great 
Kills Harbor is designated as a shellfish transplant zone for hard clams, which is a valuable species for 
the Staten Island economy and ecology. However, to date, New York’s maps (NYSDEC) show 
harvestable zones along the majority of the south shore of Staten Island, without details on whether and 
how many clams were present in these locations. The maps could be considerably more useful by 
including data on the relative abundance of clams or other such species at those locations. The New 
Jersey Department of Environmental Protection (NJDEP) publishes similar maps, which include 
abundance levels rated as low, medium, and high. Given the empirical correlation between species 
abundance and sediment type, as expressed through both clammers and landscape architects practicing 
in the region, this relationship should be studied and confirmed through systematic sampling of both 
sediment and clams. Existing data on sediment distribution and benthic data are limited in both 
resolution and accuracy. The development of a cross-state and cross-agency data collection plan and 
sharing platform would be highly beneficial. 

Assessing changes in baseline conditions requires a well-defined network of sites from which to collect 
monitoring data over the long term. The cost of such programs, however, can be considerably high, 
particularly initialization. For instance, pilot projects should be carefully selected and a regional 
conceptual model (see next section) should define the data collection priority. A living, virtual laboratory 
of pilot projects utilizing various innovative strategies should be developed to systematically address 
hypothesis that require field observations and monitoring. Lessons and data collected through 
implementing and monitoring a pilot project could be used to create guidelines for future projects. 
Because pilot projects may be challenging to implement due to regulatory and cost considerations, it is 
recommended that pilot studies in the area be prioritized prior to implementation. What are the screening 
criteria for prioritizing applicable CGI strategies? Thorough review of existing data and projects is a first 
step towards building a catalog of different parameters and measures which can be effectively measured 
and integrated.  

Metadata of case studies (initiatives and achievements) and projects are important baseline data. Data 
from case studies, including project location, motivations, goals and objectives, designs, implementation, 
post-project maintenance, monitoring, and evaluation, and pilot projects can be critically important to the 
planning and design of new CGI projects. Collection and classification of implemented projects can 
assist in decision making and adaptive management. Accordingly, management and data dissemination 
are important. Examples can be drawn from the experience of the European Portal for Integrated 
Coastal Zone Management project, OURCOAST. Similarly, the HRNERR also has a database of some 
demonstrative pilot projects of sustainable shorelines (HRNERR.org). This can be a good regional 
example and could be further expanded to include the coastal regions in NYC. Table 7 summarizes 
potential project monitoring locations in NYC that could be used in a demonstration network to further the 
monitoring and metadata available and to provide other “answers” to the unknowns of project 
performance and hazard and ecosystem response.  
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Table 7. Potential project monitoring locations  

Project type Project name Project location 

Maritime forest 
and coastal 

wetland 
restoration 

Great Kills Marsh  Great Kills, Staten Island south shore 

Sunset Cove Located west of Cross Bay Boulevard between 
West 19th and West 22nd roads 

Spring Creek North 
North of the Belt Parkway, between Fountain 

Avenue, and 157th Avenue, located in Northern 
Jamaica Bay 

Spring Creek South South of the Belt Parkway, on the east side of 
Spring Creek, located in Northern Jamaica Bay 

Alley Pond Park NE The park is between Northern Boulevard and the 
railroad, east of Alley Creek 

Breakwater 

Plumb Beach Breakwater Plumb Beach in Brooklyn along the Belt Parkway 

Great Kills / Crescent Beach 
Breakwater 

Great Kills and Crescent Beach are located on the 
south shore of Staten Island 

Tottenville Living Breakwater Tottenville is at the southernmost section of 
Staten Island south shore 

Oyster reefs Oyster Restoration Research 
Project 

Bay Ridge Flats, Governors Island, Hastings, 
Soundview and Staten Island 

Ecologically-
enhanced 

bulkheads and 
revetments 

Harlem River Park Between Harlem River Parkway and the Harlem 
River 

Hunts Point Landing Salt 
Water Restoration 

Bronx, NYC, New York, located along the East 
River at Farragut Street 

Living shoreline NA NA 

Channel 
shallowing NA NA 

 

 Conceptual Models 4.2.

A system-wide conceptual model is a promising planning tool to direct monitoring demands and 
necessity. Gross (2003), in the National Park Service (NPS) Inventory and Monitoring Program, 
emphasizes that conceptual models are a key element of environmental monitoring programs. 
Conceptual models can be “used to develop, refine, and document a common understanding of 
ecosystems” (DRERIP 2010) and must be able to integrate our current understanding of system 
dynamics and identify important processes, key ecological attributes, and indicators. They should 
illustrate the connections between indicators and ecological states or processes, facilitate 
communication of complex interactions, synchronize the current status of data availability, and isolate 
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needs of new data or metrics, from which project managers or agencies can recommend an appropriate 
data collection plan. Well-constructed conceptual models provide a scientific justification for the choice of 
indicators and framework for the monitoring program. Development of conceptual models needs 
collaboration and common goals; need to know what targets are, how do rank and prioritize them, and 
what are the path forward.  

A set of conceptual ecological models has been developed for South Florida restoration as a framework 
for supporting integration of science and policy. The system is composed of eleven ecological 
conceptual models in major physiographic regions in South Florida, one Total System Model for South 
Florida, and one international regional model. These conceptual models are key components of an 
Adaptive Management Program, which was developed for the Comprehensive Everglades Restoration 
Plan and are being used as planning tools to guide and focus scientific support. Development of the 
conceptual models aided in consensus building among scientists and managers regarding the set of 
working hypotheses that explain the sources and effects of major anthropogenically induced changes in 
the natural systems of South Florida. Similarly, conceptual models have been developed for the 
Sacramento-San Joaquin Delta in California and for coastal protection and restoration in Louisiana 
(Peyronnin et al. 2013). In California, the Delta Regional Ecosystem Restoration Implementation Plan 
(DRERIP) conceptual model supports an evaluation tool for ecosystem restoration as well. The 
Louisiana’s Coastal Protection and Restoration Authority integrates coastal restoration and hurricane 
protection by marshaling the expertise and resources of the Department of Natural Resources, the 
Department of Transportation and Development and other state agencies, to speak with one clear voice 
for the future of Louisiana’s coast.  

What are the considerations for the development of an NYC-specific conceptual model which can 
integrate cross-agency needs and interests? Is it necessary or reasonable to divide the harbor area into 
subdivisions regionally and/or to create individual conceptual models for unique ecological communities, 
such as a conceptual model for coastal wetlands only? How should hazard mitigation, ecosystem 
restoration and coastal resiliency be integrated in conceptual models?  What are the coastal resiliency 
and protection targets that should be identified in a conceptual model (e.g., wave reduction, reduced 
structure count in the floodplain, reduced structure count in high wave zones, etc.)?  There are a couple 
of collaboration programs, such as SIRR, Comprehensive Restoration Plan (CRP) for NY/NJ Harbor 
Estuary, and the New York Rising Community Reconstruction Program (NY Rising).  How can those 
programs be refined or modified to incorporate both large scale drivers and local-scale stressors?  
USACE is revising CRP to incorporate post Hurricane Sandy studies, to include restoration opportunities 
and implementation of projects under both a hazard mitigation and habitat restoration mission, and to 
add coastal reference monitoring system priorities. Can CRP be adapted to become a regionally 
accepted conceptual model for both hazard mitigation and ecosystem evaluation of CGI strategies?  It 
is anticipated that a regional conceptual model for NYC region should include cross-agency goals, 
monitoring needs and a long-term management plan.  
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 Monitoring 4.3.

With the guidance of conceptual models, monitoring program(s) can be designed for collecting both 
baseline data and specific ecosystem changes. Some monitoring programs have been developed for the 
Hudson River watershed, but the coverage and spatial resolution specific to the New York Harbor are 
scarce and limited.  

The Coastwide Reference Monitoring System (CRMS) in Louisiana is a successful case study that is 
operated by the Louisiana Coastal Protection and Restoration Authority in conjunction with the USGS. 
CRMS was developed to meet the needs of collecting data for the coastal protection and restoration 
efforts and funded through the U.S. Congress enacting the Louisiana CWPPRA program. In coastal 
Louisiana, it is difficult to find comparable test sites; therefore, a multiple reference approach using 
aspects of hydro-geomorphic functional assessments and probabilistic sampling was adapted into the 
CRMS design (Steyer et al. 2006). The CRMS approach gathers information from a suite of sites that 
encompass a range of ecological conditions across the coast (Steyer et al. 2003). Trajectories of 
changing conditions within the reference sites can then be compared with trajectories of change within 
project sites. The CRMS design not only allows for monitoring and evaluating the effectiveness of each 
project, but will also support ongoing evaluation of the cumulative effects of all CWPPRA projects 
throughout the coastal ecosystems of Louisiana.  

Reef Check California (RCC) is another monitoring program that concentrates on reefs along California’s 
coast. The program is building a network of informed and involved citizens who support the sustainable 
use and conservation of California’s nearshore marine resources. Volunteers are training to become 
citizen-scientists to survey nearshore reefs and generate data on the status of key indicator species. 
Surveying efforts will not only fill gaps in the state’s existing marine monitoring network, but will allow 
interested parties to contribute valuable ocean knowledge to the management process (Freiwald et al. 
2013). 

Although CRMS was developed to mainly monitor coastal wetlands and RCC was developed for a 
coastal reef system, experiences in design and operation from both programs, (e.g., design of a 
monitoring and data sharing network, multi-reference approach, and citizen-involvement strategy) can 
aid in the development of an NYC system-wide monitoring program. Programs like these are worth 
exploring in-depth. In addition to traditional programmatic or project based monitoring efforts, it is 
recommended that a committee of scientific, agency, and local residents (especially experienced 
fishermen and clammers, etc.) discuss and guide sampling locations, frequency, method, species, and 
key parameters in one or two workshops; a panel of scientific experts should then review the draft 
protocol to ensure that the sampling design and methods and data collection categories are both 
scientifically sound and feasible. For instance, how feasible would it be to develop monitoring programs 
to improve benthic habitats mapping? Field testing is recommended for quality assurance and quality 
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control. Field testing can be conducted in some developed pilot project sites for each CGI strategy or 
corresponding ecosystem. 

The Interstate Environmental Commission (IEC) has initiated a shared-waterway group to facilitate 
communication between state, nationwide, and local partners and agencies for monitoring related 
activities. One of the deliverables IEC is working on is to create an inventory of monitoring program 
activities, data gaps, and efficient ways to expand monitoring in the region. IEC’s ongoing efforts may be 
a good foundation to explore a framework for obtaining, archiving and sharing environmental baseline 
data. Additionally, the Hudson River Environmental Conditions Observing System (HRECOS) is an 
established program that could be a foundation for future monitoring in NYC. It can extend to cover the 
New York Harbor area. With the guidance of a conceptual model and monitoring protocol, HRECOS or a 
similar program can be developed to encompass: 

· Sub-plans of data monitoring for each project or new site; 
· Synchronization of collected data to avoid duplication; and 
· Attention to data categories of scarcity.  

Another essential goal of monitoring is to ensure project stability and sustainability. This type of 
monitoring is at a project scale and is often short term depending upon monitored variables. There is not 
a consistent maintenance plan for various CGI strategy projects; however, it is recommended that a plan 
be developed that includes regular inspection of structure stability (scouring, stone weathering, etc.) and 
ecological element survival (plants spreading, oyster survival and growth, etc.). Any monitoring plan 
should have an adaptive management plan that updates monitoring priorities and keep baseline data, 
project data and scientific findings at the same line. As is discussed in the next section, data collected for 
all individual projects should be “ported” to a single platform to drive consistent data formats and sharing. 

 Integration  4.4.

Funding availability is often a bottleneck for monitoring and data collection. This is particularly 
challenging when funding for long-term observations, as well as contingency funds for episodic events 
like high-intensity storms, are necessary to advance the understanding of CGI strategies. Demonstration 
of high data usage and efficient data collection is important for continuous receiving funding.  

Data integration for effective dissemination is a necessary step to promote efficiency of data acquisition 
and application. With a centralized virtual database for observational data and metadata, one can easily 
identify data sources and gaps, avoiding extra field work or duplicated design of data collection plans 
which would save money and time for other enhancements. Publication of field data or reports to a virtual 
database should be encouraged through funding policies in order to share information and reduce costs. 
For example, many stations in the coastal area of the Gulf of Mexico operated by local agencies share 
collected data with the national observation network, e.g., WAVCIS (Louisiana State University Wave-
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Current-surge Information System), LUMCON (Louisiana Universities Marine Consortium), and DISL 
(Dauphin Island Sea Lab).  

For NYC, it is recommended to develop a web portal that makes data more widely available and 
accessible in this area. The portal would include environmental or ecological data, field observations, 
remote acquisition data, and surveyed or processed data. This portal would not have to be a data 
repository itself; however, it would provide at least the metadata to what is available along with the 
associated links to the data sources. For the data that are readily available, such as observations from 
the NOS (a division of the National Oceanic and Atmospheric Administration) stations, a background 
retrieval and format conversion can be programmed to improve the convenience of data use. It requires 
identification of commonly used data formats for each measured quantity. This web portal can be 
maintained by a government agency, such as NYSDEC, NYSDOS, or an academic institute. These data 
can be updated at both planned intervals as well as on a project-by-project basis. Future monitoring 
plans can be posted in the portal. A portal similar to Harbor and Estuary Programs OASIS portal, which 
tracks restoration and habitat improvement projects throughout NYC and New Jersey 
(http://www.urbanresearchmaps.org/crp/map.html), is recommended. 

This integration framework can be initiated as a research consortium, which is then followed by specific 
monitoring plans to fill gaps. Louisiana, Mississippi, and Alabama have formed the Northern Gulf Coastal 
Hazards Collaboratory (NG-CHC), a consortium to leverage their partnerships, proximity, and prior 
investments to advance the science and engineering of coastal hazards across the tri-state region and to 
address issues of national importance including coastal system response, risk management of coastal 
hazards, and the sustainability of economically important coastal fisheries, marine transportation, energy 
development, and strategic national defense. This project is funded through the National Science 
Foundation. One of the project strategies is to use a service-oriented approach to help integrate regional 
data providers into a distributed data management system in support of the community modeling 
framework of NG-CHC. Although this data integration mainly serves for coastal modelers, the concept of 
integrating data providers and unifying data formats for re-distributing is recommended for data 
integration in the NYC area. Strategies that enhance dissemination and sharing of data could advance 
the communities’ collective understanding of CGIs in the region by supporting the monitoring and 
evaluation of performance and response of projects and thereby reducing uncertainties. 

Similar to NG-CHC, the recently formed Science and Resilience Institute at Jamaica Bay (SRI@JB) is a 
partnership of the NPS, the City of New York, and a consortium of nine research institutions. Each of the 
nine research institutes offers a range of relevant science and education assets and linkages to Jamaica 
Bay. Would it be possible for this institute to expand and cover the New York Harbor area? How could 
this institute serve to integrate data in the region? It is clear that it is necessary to create or designate an 
organization to initiate the data integration framework and leverage investments to increase baseline 
data volume and to advance the understanding of baseline conditions and potential changes. The 
development will require discussion and collaboration among agencies and multiple states.  This work 

http://www.urbanresearchmaps.org/crp/map.html
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should follow the development of conceptual models and monitoring programs, but should not be 
developed in isolation from those efforts.  
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5. Meta-strategy Research Plan 

Building upon the data gaps and unknowns in the literature and data gaps review, the following research 
agendas and tasks have been developed to improve our understanding of CGI. The research plan is 
broken into two groups, Meta-strategy Research Plan and Strategy-Specific Research Plan. The Meta-
strategy research plan includes tasks that will benefit all CGI strategies in NYC, e.g., data monitoring 
plan, data integration platform, which are concentrated in this section. The Strategy-Specific Research 
Plan is presented in Section 6, including tasks that target individual CGI strategies and improve the 
understanding of how CGI strategies provide hazard mitigation and habitat values.  

All research tasks are ranked according to their impacts on four categories, with each category rating 
ranging from 0 to 3: 

· Fundamental Principles:  defined as the fundamental science behind the evaluation of CGI 
strategies. These principles are generally not NYC specific, but critical to understand prior to further 
evaluation at a city or project scale. This category weighs 1 or 0 suggesting that the understanding of 
fundamental principles would be improved notably or marginally. 

· Chronology: defined as the dependency of projects on others. A rating of 3 for this category 
suggests that the agenda item can/should start right away, requiring no other up-front projects or 
little initial cost. Otherwise a lower score would be assigned.  

· Regional Applicability: defined as the local environmental characteristics and data relevant to 
NYC. A rating of 3 for this category suggests that the understanding of NYC-specific topics and/or 
the quality and coverage of data would be notably improved. 

· Affordability: defined as the range of project costs. A rating of 3 for this category suggests that the 
agenda item is relatively affordable (e.g., desktop studies), whereas a rating of 0 or 1 is given to 
projects that may be expensive in nature (e.g., pilot and field studies). Note, affordability does not 
account for construction costs. 

Summation of the ratings of all four categories gives an overall rank ranging from 0 to 10. A task with the 
highest score is highly recommended.  

Note that no research agenda items have been specifically identified for the constructed breakwater 
islands strategy. A breakwater island can be considered as a functional combination of an artificial island 
or reef and a breakwater and the value of each habitat type per unit area can be obtained from other 
strategies, e.g., constructed oyster reefs, living shorelines, and constructed wetlands. Research 
questions pertinent to constructed breakwater islands are addressed as part of the research agenda 
items for other strategies and meta-strategy items. 
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Motivation 

A conceptual model can be used as a platform to drive collaboration amongst agencies in the region. 
Conceptual models illustrate the connections between indicators and processes (ecological and 
hazards), facilitate communication of complex interactions, synchronize the current status of data 
availability, and isolate needs of new data or metrics, from which project managers or agencies can 
recommend an appropriate data collection plan. Well-constructed conceptual models provide a 
scientific justification for the choice of indicators and framework for the monitoring program. 
Development of conceptual models needs collaboration and common goals; need to know what 
targets are, how do rank and prioritize them, and what are the path forward. For instance, a set of 
conceptual ecological models were developed for South Florida restoration as a framework for 
building scientific understanding and a consensus among scientists and managers regarding the set of 
working hypotheses that identify specific, large-scale stressors, ecological effects of these stressors 
and ecological linkages between stressors and key attributes of the natural system. The Louisiana 
Coastal Protection and Restoration Master Plan integrates hazard mitigation potential to traditional 
coastal restoration missions, enhancing coastal resiliency. Experiences from those efforts demonstrate 
the importance of developing conceptual models and starting active cross-agency communications.  

In the NYC region, there are existing collaboration programs, such as SIRR, CRP, and NY Rising.  
How can those programs be refined or modified to incorporate both large scale drivers and local-scale 
stressors?  How can a set of conceptual models integrating hazard mitigation and habitat restoration 
be established to effectively direct monitoring needs, scientific studies and shoreline management?  

Some monitoring programs have been developed for the Hudson River watershed, but the coverage is 
sparse for NYC and the collaboration is loose. Development of a monitoring protocol for the harbor is 
important, so is a framework coordinating monitoring efforts and uniting research forces. A system-
wide conceptual model is a promising planning tool to direct monitoring demands and research 
necessity for a natural system, which should be developed for the NYC area. Development of the 
system-wide ecosystem conceptual model and a set of sub-scale conceptual models should consider 
whether it is necessary or reasonable to divide NYC into subdivisions (e.g., the Hudson River 
watershed and New York Harbor). Considerations may also include whether ecological community 
conceptual models should be developed, such as a conceptual model for coastal wetlands only.  

These conceptual models are non-quantitative planning tools that support integration of science and 
policy. They should illustrate the connections between indicators and ecological states or processes, 
facilitate communication of complex interactions, synchronize the current status of data availability, 
and isolate needs of new data or metrics, from which project managers or agencies can recommend 
an appropriate data collection plan. 
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Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions originated.  

· What are the considerations for the development of an NYC-specific conceptual model which 
can integrate cross-agency needs and interests? (4.2) 

· How to improve the existing monitoring network for obtaining and sharing better/complete 
environmental baseline data? (4.4) 

· Can CRP be adapted to develop an accepted cross-agency conceptual model for NYC 
region? If yes, which elements of a conceptual model for hazard mitigation and ecological 
assessment are missing in the CRP? What aspects need to be improved? (4.2) 

· What are the metrics to monitor the regional ecosystem, ecological communities, and various 
habitats? (3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 4.1, and 4.3) 

· How can we evolve/update monitoring protocol best as the state of the science evolves? (4.3) 
· What are the metrics to quantify the hazard mitigation performance? (3.1, 3.2, 3.4, 3.6, 4.1, 

and 4.3) 
· How can monitoring programs help improve benthic habitat mapping? (4.1, 4.3)  
· How can baseline data (water levels, vertical datum, salinity, dissolved oxygen, turbidity) be 

improved through funding mechanisms and data management to improve the probability of 
project success? (4.1) 

· How to quantify/qualify each project and to identify its role in the system? (4.2) 
· How to define control sites to benchmark ecosystem values for project(s)? (3.1,.4, and 4.3) 
· How can advanced techniques, e.g. remote sensing, be best used to support regional data 

acquisition? (4.1, 4.3) 

Research tasks 

1. Evaluate existing programs, such as CRP, SIRR, and NY Rising, to identify critical 
components that can be adapted to develop a NYC area conceptual model (likely composed 
of models at various levels) for both hazard mitigation and habitat restoration. 

a. Review and comparison of existing programs 
b. Develop cross-agency goals of the conceptual models and specific objectives 
c. Identify missing elements in existing programs to achieve the cross-agency goals 
d. Develop conceptual model at different levels (e.g., see the example framework in the 
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figure below, which includes a variety of scales and data considerations) 
i. Regional scale  
ii. Various eco-communities (e.g., estuarine, riverine) 
iii. Various habitats (e.g., salt marsh, oyster reefs, benthic) 
iv. Hazard mitigation solutions may be included in either a community scale 

model or a habitat scale model 
e. Include guidance for developing monitoring framework 
f. Illustrate feasibility of applying the models for NYC region 
g. Include considerations of developing adaptive management plans 

 

 
 
 

Qualified 
personnel  Ecologist; Coastal Engineer; Planner 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(2) 
 

(3) 
 

(2) 
 

Overall ranking (7)   

Example framework of conceptual models 
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2. Identify and test metrics to monitor characteristic ecological communities and habitats 
including the identification of control sites as benchmarks. 

a. Review metrics proposed by previous studies (e.g., those proposed by TNC and 
NWRs) to determine applicability for NYC 

b. Propose updated NYC-specific metrics to consistently evaluate ecological benefits 
across various CGI strategies and NYC regions and to determine whether projects 
will meet design targets and compare performance across projects 

c. Explain how to use the metrics, how to define/select control sites for testing the 
proposed NYC specific-metrics and benchmarking project performance 

d. Establish a process for adding or removing parameters as the state of the science 
changes 

e. Describe recommendations for monitoring protocol development (Task 5.1.3) 

Qualified 
personnel Biologist; Ecologist; Planner; Coastal engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (9)  

3. Develop monitoring protocol for collecting ecosystem data 
a. In coordination with Task 5.1.2, and by working with varies agencies and 

stakeholders, prioritize the data to be collected such as habitat attributes (e.g., 
richness, abundance.) 

b. Describe the data collecting methods and procedures, including guidelines for spatial 
coverage, temporal intervals, and data acquisition techniques. Include a plan or 
recommendations for integrating the use of remote sensing technology, e.g. how, 
when and where to acquire and use remote sensed imagery 

c. Establish quality control protocol 
d. Work with partnering agencies to identify funding opportunities 

Qualified 
personnel 

Biologist; Ecologist; Planner; Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(2) 
 

(3) 
 

(3) 
 

Overall ranking (8)  
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4. Identify and test metrics to quantify hazard mitigation performance, including storm surge 
reduction, wave attenuation, and shoreline erosion  

a. Review and update previously proposed metrics such as those from the USACE 
North Atlantic Coastal Comprehensive Study 

b. Improve existing metrics customized for NYC region and identify critical parameters 
impacting the applicability of hazard mitigation performance metrics 

c. Explain how to use the metrics, how to define/select control sites for testing the 
proposed NYC specific-metrics and benchmarking project performance 

d. Recommend a process for adding or removing parameters as the state of the science 
evolves 

e. Describe recommendations for monitoring programs development (Task 5.1.5) 

Qualified 
personnel Coastal Engineer; Hydraulic Engineer; Physical Oceanographer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (9)  

5. Develop monitoring protocol for collecting hydrodynamic and water quality data 
a. In coordination with Task 5.1.4, prioritize the data to be collected such as bathymetry, 

water levels, wave parameters, and water quality data (e.g., TSS, Chlorophyll-a, 
characteristic pollutants) 

b. Describe the methods and procedures for collecting various categories of data, 
including guidelines on spatial coverage (e.g., transects for water level and wave data 
collection), temporal intervals, and data acquisition techniques. Include a plan or 
recommendations for integrating the use of remote sensing technology, e.g. how, 
when and where to acquire and use remote sensed imagery 

c. Establish quality control protocol 
d. Work with partnering agencies to identify funding opportunities 

Qualified 
personnel Coastal engineer; Hydraulic engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(2) 
 

(3) 
 

(3) 
 

Overall ranking (8)   
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Motivation 

In order to evaluate the likely future conditions both with and without projects (e.g. cost/benefit type 
analysis for ecosystem valuation of CGI strategies), rapid assessment tools and/or more detailed 
ecological models can be used to compare the net benefits of projected habitats for various scenarios. 
The rapid assessment tools and ecosystem models will utilize metrics proposed in Task 5.1.2 to 
assess net ecosystem benefits across habitats developed by implementing different CGI projects. 
Proposed CGI projects can be prioritized according to the anticipated net ecosystem benefits relative 
to future without project conditions.  

A rapid assessment tool can be developed to provide a means to measure or evaluate the structure, 
composition, and function of an ecosystem operating within a range of conditions (e.g., historic, 
current, predicted). The assessment would provide an index of ecological integrity based on metrics of 
biotic and abiotic condition, size, and landscape context. The assessment tool could be developed 
based on previously developed rapid functional assessments tailored for various habitats including: 

· Benthic Index of Biotic Integrity (B-IBI) for sub-tidal habitats;  
· Evaluation of Planned Wetlands (EPW) for coastal wetlands; and a 
· Modified EPW Index for upland forest and shrubland communities.  

Using the tool, an index (or score) can be obtained for the different habitats assessed, and be 
combined to quantify the value of a restoration project which may target multiple habitat types. Such a 
tool allows agencies to make consistent scientifically informed regulatory, planning, and other 
management decisions. The tool could potentially be based on the calculation of Functional Capacity 
Indexes (FCIs) and Units (FCUs) to provide a quantitative means to sum benefits of a restoration 
project across multiple habitats. An FCI is a measure of functional capacity expressed as an index, 
based on relationship between CGI strategy elements and the function. An FCI characterizes the 
integrity or condition of an ecological function or service with little or no consideration of a projects 
size. An FCU serves as a standardized basis for comparing functional differences over space and 
time. Therefore, an FCI represents the “quality” of functional capacity per unit area, whereas an FCU 
represents the “quantity” of functional capacity. FCUs could be calculated by multiplying the FCI by the 
area of the assessment area and be improved upon based on available data.  

For more detailed assessments, spatially varying ecosystem models could be developed for the 
region. For instance, SLAMM and MEM are ecological models commonly used for simulation of 
wetland evolution. Additionally, EwE is a mass-balance assessment model, commonly used for fish 
species evaluation, which requires accurate baseline knowledge of reproduction, migration, mortality, 
and linkage with other species.  
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Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What are the relevant ecosystem models currently available? What are the limitations of those 
models? (3.1) 

· How to improve the basics of those models, e.g., increase spatial and temporal resolution, 
include more stressors? (3.1, 3.2) 

· How to relate those models for NYC? (3.1, 3.2) 
· How to rank net ecosystem benefits of an individual project across various CGI strategies? (2) 
· How do the benefits of CGI approaches add/multiply/scale regionally? Is the whole greater 

than the sum of the parts? (2, 3.1) 
· How to select a suite of projects for shoreline ecosystem restoration? (3.1) 
· What are critical aquatic fauna species? (3.2) 
· How do the aquatic fauna species respond to environmental variables, such as salinity, 

turbidity, and chemicals? (3.2) 

Research tasks 

1. This task works to coordinate relevant agency agendas regarding priority habitats and 
species. Many pilot projects and restoration attempts hinge on prioritizing particular species 
over others, emphasizing that critical habitat and wildlife are important not to disturb. However, 
many agencies have different lists or rankings of habitats, making pilot projects difficult to 
implement.  

a. Identify critical species and habitats relevant to overall agency goals 
b. Standardize and prioritize screening criteria 
c. Apply NYC-specific research to modify or add to this list of critical species 
d. Create an overall, agency-coordinated ranking of priority habitats and sites that will 

allow for more efficient permitting and design along the shoreline 

Qualified 
personnel Biologist; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (10)   
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2. This task includes review and improvement of ecosystem models used to predict habitats and 
landscape morphology changes in NYC. These models will include consideration of climate 
change and be applied to approximate future conditions with and without project 
implementation in order to determine ecological benefits associated with each project.  

a. Review existing habitat/landscape evolution models (e.g., MEM, SLAMM) 
b. Identify models that are applicable for NYC habitats and model development needs to 

improve applicability locally 
c. As a proof of concept, apply models to evaluate habitat evolution for a range of 

proposed projects, including consideration of a representative future scenario 

Qualified 
personnel Biologist; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(3) 
 

(2) 
 

Overall ranking (7) 
 

3. This task includes review and improvement of eco-path models used to predict fish biomass 
changes in NYC. Exploration of the basis of reproduction, interaction, and trophic linkage for a 
given fish species in biomass pools provides the fundamental knowledge base for predicting 
static or dynamic mass-balanced snapshots of the ecosystem. Data requirements can be 
obtained from stock assessment, ecological studies, or literature including biomass estimates, 
total mortality estimates, consumption estimates, diet compositions, and fishery catches. In 
addition, all the ecological aspects are subject to environmental changes, such as variations in 
salinity and turbidity that may affect the eco-path. To account for changes in environmental 
conditions due to sea-level rise or man-made structures, the mass-balance assessment of the 
system for the critical species can be used to evaluate the impacts of project placement and 
explore management policy options.  

a. Collect existing ecological data and establish an eco-path model for identified species 
in NYC 

b. Explore the effects of environmental variables, such as salinity, flow speed, turbidity on 
eco-path 
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c. As a proof of concept, apply eco-path models to evaluate biomass changes of key 
species (e.g., species identified in Task 5.2.1) for a range of proposed projects, 
including consideration of a representative future scenario 

Qualified 
personnel Biologist; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(3) 
 

(2) 
 

Overall ranking (7)   

4. This task includes review and improvement of rapid assessment tools applicable in NYC. 
These models will include consideration of climate change and be applied to approximate 
future conditions with and without project implementation in order to determine ecological 
benefits associated with each project. Quantification of the ecological benefits will utilize 
metrics defined in Task 5.1.2 and projected habitats using models in Task 5.2.2 and Task 
5.2.3. 

a. Review existing rapid assessment tools for each pertinent habitat, e.g., tools being 
developed through Sustainable Shoreline project and HEP project 

b. Identify limitations that need be improved for NYC habitats 
c. Develop a scorecard system like FCI and FCUs to rank ecosystem benefits for each 

project 
d. As a proof of concept, apply the tools to evaluate habitat benefits for a range of 

proposed projects, including consideration of a representative future scenario 

Qualified 
personnel Biologist; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (10)  
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Motivation 

Understanding both the sediment budget and sediment longshore/cross-shore transport can provide 
important insight into the nature of the sedimentary system, landscape morphology, and the feasibility 
of particular CGI strategies. Analysis of the sediment budget (local or regional) requires adequate 
spatial and temporal observations of sedimentary processes, such as deposition rate, resuspension 
rate, and transport rate, as well as surficial sediment properties, such as grain size, sediment type, and 
soil strength. Existing datasets of sediment sampling are sparse and should be improved through high-
resolution benthic sampling and computer modeling simulations. While sediment surficial sampling 
and sediment concentration measuring are expensive, computer modeling of sediment transport is 
more affordable and can be a powerful tool that integrates field measurements with scientific 
understanding, enabling more accurate interpretation of discrete observational data at a finer scale.  

As a dense and urban environment, NYC itself also affects the sediment budget and sediment 
contamination in the harbor. For instance, Combined Sewer Overflows (CSOs) can alter both the 
direction and the source of sediments in the harbor. CSOs are recognized as the primary contaminant 
sources ubiquitous to the sediments of industrialized waterways. However, few studies can be found 
for the New York Harbor areas that investigate the effects of CSOs on sediment accumulation and 
quality.  

A regional scale sediment transport model was developed to examine sediment contamination in the 
harbor area (Miller et al. 2011). Additionally, two ongoing projects funded through the Hudson River 
Foundation (HRF) focus on sediment transport, trapping and storage during extreme flow events (e.g., 
storms) in the Hudson River through numerical modeling and geological survey. The deliverables of 
these projects will improve the understanding of sediment movement and fate during high-energy 
event and provide more information about sediment resources in the Hudson. A continuation of these 
studies should explore the on-shore and longshore sediment dynamics during both normal and storm 
weather conditions, which can facilitate an understanding of suspended sediment load and bed-load. 

With improved understanding of sediment dynamics, the existing regional sediment management plan 
(NY/NJ HEP 2008) can be improved and adapted for the NYC region for managing and searching 
quality sediment sources for coastal restoration projects. In conclusion, a sediment study will greatly 
benefit the planning and assessment of proposed CGI projects. 
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Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What data are needed to estimate a sediment budget for the NYC area? (3.1, 3.3, 3.4, 4.1) 
· What are the surrogates that people are using in the absence of a sediment study? (4.1) 
· How do sediments migrate throughout the area? (4.1) 
· How can numerical models improve the understanding of regional sediment dynamics? (4.1) 
· How do CSOs affect sediment load/budget and quality? (3.1) 
· Where are suitable sediment borrow areas? How much sediment is available? What is the 

cost? (3.1, 3.3, 3.4) 
· How does soil strength vary throughout the region and how is that affected by different 

species of vegetation? (4.1) 
· Is there a known relationship between sediment properties and habitat values (e.g., oysters, 

clams, and wetlands)? (4.1) 
· How can regional sediment resources be managed effectively? (4.1) 

Research tasks 

1. Estimate an NYC area sediment budget, including consideration of sediment inputs from 
CSOs and riverine systems 

a. Desktop data collection to locate available sediment surveys 
b. Review the existing sediment transport model (Miller et al. 2011) and develop a 

regional hydrodynamic, sediment transport model 
c. Apply the numerical model to identify the effects of spatial and temporally varying 

deposition and resuspension rates on the sediment budget; to examine the effects of 
storm events on sediment dynamics; to review the possibility of some strategies for 
trapping quality sand. 

d. Estimate regional and site-specific (e.g., Jamaica Bay) sediment budgets 
e. Conduct a detailed evaluation of the effects of CSOs on the regional and site specific 

sediment budgets 
Qualified 
personnel Coastal Engineer; Coastal Modeler; Hydraulic Engineer; Marine Geologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(2) 
 

(3) 
 

Overall ranking (8)  
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2. Soil strength evaluation  
a. NYC Parks has 24 sampling sites in salt marshes to test soil strength. Additionally, 

TNC is coordinating a Marsh Elevation Network research project between the 
USFWS, USEPA, USGS, and NYCDPR to estimate the shear strength of soils in 
Long Island, Jamaica Bay, Pelham Bay, and Staten Island marshes. Review these 
data upon project completion and identify gaps where more data need to be collected  

b. Using the available data, explore the relationship between different species of 
vegetation and soil strength 

c. If necessary, measure the soil strength where data are scarce 

Qualified 
personnel  Geologist; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(1) 
 

(2) 
 

Overall ranking (6)  

3. Identification of sediment borrow sources and development of a regional sediment 
management plan 

a. Identify possible sediment borrow sites 
b. Estimate sediment availability and quality (grain size, organic matter, contaminants, 

etc.) 
c. Examine the cost of dredging and transport 
d. Evaluate environmental and ecological impacts of excavation of sediment at given 

sites 
e. Improve the existing regional sediment management plan, adapt it for NYC  
f. Perform physical model testing to study sediment patterns near project area 

Qualified 
personnel Coastal Engineer; Ecologist; Environmental Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(2) 
 

(2) 
 

 Overall ranking (7)  
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Motivation 

One of the factors which differentiate shorelines in the northeast from those in other areas of the 
country where CGI projects have been implemented is the presence of ice. Ice represents a significant 
destabilizing force and can be a primary factor in the erosion of exposed natural sites. Shore 
protection projects, whether traditional or non-traditional, are subject to damage from both static and 
dynamic ice loading. Moving ice can damage coastal structures by exerting significant impact forces 
when large pieces of ice transported by the prevailing currents collide with existing structures. Static 
ice forces resulting from ice formation on and adjacent to the elements of coastal protection projects, 
can be equally damaging. Plants utilized in CGI projects are particularly vulnerable to erosion during 
the first few growing seasons when the root systems are still developing.  

In spite of its importance, our current understanding of the prevalence, typology, and extent of ice 
cover in the northeast is severely limited. Several limited studies of ice characteristics have been 
conducted but the data are sparse. Furthermore, our ability to incorporate ice into existing 
hydrodynamic models is limited due to the difficulty in modeling ice formation and growth. This lack of 
ice data (real or modeled) contributes to the lack of guidance for incorporating ice forces into the 
design of both traditional and CGI coastal protection works.  

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· How to quantify the static and dynamic ice forces being exerted on coastal structures? (3.2) 
· How to quantify the static and dynamic ice forces being exerted on natural shorelines? (3.1, 

3.5, 3.6) 
· How prevalent is ice along the shorelines of NYC, and what are its characteristics? (4.1) 
· How does ice impact the living elements of CGI projects (both vegetation and animal life)? 

(3.6)  
· How guidelines are best improved for the design of coastal structures in icy environments? 

(3.5, 3.6) 
· Which plant communities are most vulnerable to uprooting related to ice? (3.1) 
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Research tasks 

1. Quantify and map ice volumes (typical and ranges) in NYC using remote and in-situ testing 
techniques. 

Qualified 
personnel  Engineer; Geographer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(2) 
 

(3) 
 

Overall ranking (8)  

2. Assess the dynamic and static ice forces on both natural and built coastal infrastructure 
through field and laboratory studies.  

Qualified 
personnel Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(2) 
 

(2) 
 

Overall ranking (7)  

3. Explore the risk of freezing damage on structures and vegetation types and identify metrics to 
monitor structures and shoreline stability 

Qualified 
personnel Coastal Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(2) 
 

(2) 
 

Overall ranking (7)  
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4. Improve the capability to model ice in existing hydrodynamic models in order to: 
a. Establish a model based ice climatology 
b. Increase the potential resolution of ice data sets 
c. Improve navigation 
d. Improve environmental management 

Qualified 
personnel Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(2) 
 

(2) 
 

Overall ranking (7)  
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Motivation 

Wakes represent a potentially significant destabilizing force that is typically neglected in the design of 
coastal protection strategies. Traditionally, coastal structures are designed to resist wind-generated 
waves; however, recent studies have shown that wakes can be as large or larger in many parts of the 
Hudson. Ferries, tugs, and barges generate large and frequent wakes along the main stem of the 
river, while high-speed recreational vessels used for wake boarding, water skiing, parasailing, speed 
boating, and jet-skiing can generate large wakes even in relatively sheltered stretches of the river. The 
importance of understanding the influence of wakes in the Hudson is important because wave height 
drives the design of most coastal protection projects. For CGI projects, accurately establishing the 
wave climate including the wakes is critically important because the projects typically involve 
vegetation and smaller structural elements. Unlike traditional structures, such as bulkheads and 
revetments where over-design is common, the desire to work in smaller, more natural elements 
requires more careful consideration of boat wakes.  

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· How do wakes impact the design of CGI projects and temporary stabilization of vegetation? 
· How can knowledge regarding wave climate, including vessel wakes which are often more 

important than wind waves, be improved to aid in the design and planning of CGI projects, 
e.g., constructed reefs, ecological enhanced bulkheads, and living shorelines? (3.2, 3.5, 3.6) 

· How do vessel wakes change project long term maintenance needs and failure rates? 
· Are the existing vessel wake formulas accurate enough for use in NYC? (3.2, 3.5, 3.6) 
· How much do the wakes change between their point of generation and the shoreline in 

different portions of the Hudson? (3.2, 3.5, 3.6) 
· What are the vessel activity levels in riverine and sheltered bay areas (daily, weekly, monthly, 

seasonally variation)? (3.6) 
· Can numerical models be used to predict/hindcast wake energy at the shoreline? (3.6) 
· How can numerical models help develop a wave atlas to map wave heights due to vessel 

wakes under various vessel activity levels (in different months/seasons)? (3.6) 
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Research tasks 

1. Determine locations throughout NYC to deploy measurement devices and obtain wake wave 
height measurements. Data will be analyzed to improve and/or verify wake wave height 
formulas using NYC-specific field data. 

Qualified 
personnel Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(1) 
 

(3) 
 

(1) 
 

Overall ranking (5)  

2. Develop a numerical model to create a wake wave atlas considering various levels of vessel 
activity and vessel types 

a. Conduct a statistical analysis of vessel activity levels  
b. Develop numerical models capable of representing ship dynamics in the NYC area 
c. Create a wake wave atlas based on numerical model outputs 

Qualified 
personnel Coastal Engineer; Coastal Modeler 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (9)  
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Motivation 

Project evaluations, of both hazard mitigation and ecological benefits, often require considerable 
observational data collection. Abundant data can improve the understanding of NYC baseline 
conditions and can provide a better framework in which CGI projects will be designed and 
implemented. However, data gaps were identified by a preliminary review, for instances, benthic 
habitat data, vessel wake heights, ice related data, etc. (further described in Table 5). In order to 
organize the large volume of data that currently exists and will be collected for various projects, a 
cross-agency data management tool is recommended. The tool could facilitate data sharing and 
dissemination, as well as reduce the long-term costs of data acquisition by avoiding redundant data 
collection efforts. 

In addition to observational data, the systematic documentation of metadata for proposed and 
implemented projects in NYC can help regulators, designers, and researchers access the most 
recent/updated project information including goals and objectives, strategy types, innovative design 
concepts, implementation challenges, performance evaluations, lessons learned, etc. The European 
Union has leveraged a similar metadata database to improve consistency across projects and overall 
integrated coastal zone management. 

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· How to develop the observation data management program? Which agencies and other 
stakeholders would be interested in participating? Who can be the host? How will the data be 
collected from the different agencies? (4.3, 4.4)  

· How to develop a metadata dissemination platform? Is there an existing platform that could be 
adapted for NYC? (4.4) 

· What are the funding sources to both start and sustain a program? (4.3, 4.4) 
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Research tasks 

1. Develop a observational data management program and call for collaboration 
a. Work with agencies and other stakeholders interested in participating to create a 

platform that would provide maximum benefit to collaborators and other end users 
b. Identify data types to be hosted 
c. Determine data formatting protocols that will be most effective if they become 

fundamental to data collection for participating groups 
d. Identify existing data which could be migrated to the platform and reformat data to 

meet designated protocols 
e. Determine a host (of virtual server) and design a dissemination platform 
f. Identify potential funding sources  

Qualified 
personnel Computer Scientist; Planner; Coastal Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(1) 
 

(2) 
 

(3) 
 

Overall ranking (6)  

2. Develop a project library (metadata database)  
a. Locate metadata for implemented projects (only those being monitored) and 

proposed projects in NYC, e.g., project goal/objectives, strategic plan, critical project 
elements, monitoring plans 

b. Establish a platform to host project data, including the ability to make project inquiries  
using standard taxonomy 

Qualified 
personnel Computer Scientist; Planner; Coastal Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (9)  
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Motivation 

Along the north Atlantic coast, the invasive reeds Phragmites have aggressively overtaken the native 
marshes, such as Spartina. Phragmites has been regarded as an aggressive invasive species that are 
often dismissed because its behavior of significant encroachment, such as shouldering aside Spartina 
and other native marsh grasses, growing tall and dense and rampant, choking waterways, and 
reducing biodiversity. It has been suggested that “Phragmites is less populated by fauna”, Spartina is 
“better”, etc. However, recent studies have posted dissenting opinions that Spartina is not necessarily 
“better” and Phragmites has significant ecosystem values. Recent studies (especially in New Jersey) 
have shown that Phragmites is as good a habitat for some fauna species (e.g., ribbed mussel, crabs) 
as Spartina. One marsh species more populated by fauna or less populated should be a case-by-case 
judgment. More studies should be carried out to explore the eco-path of various species in the new 
habitat rife with Phragmites.  

On the other hand, as the value of wetlands in protecting mainland communities is recognized, it is of 
great need to examine the capability of Phragmites to dissipate wave energy and to reduce water flow. 
Phragmites grows dense and tall (which favors wave energy dissipation) compared to Spartina. 
Differences in individual shoot, spatial distribution, and growth chart between these two species need 
to be further explored, however, in both field and laboratory experiments. Additionally, physical and 
numerical models can be developed to measure the Manning’s friction coefficient (or drag coefficient) 
of Phragmites, Spartina, and other coastal wetland species under a variety of flow and wave 
environments.  

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What are the bio-mechanical properties of Phragmites and Spartina in NYC coastal habitats? 
(3.1)  

· How resistant are Phragmites and Spartina to steady and oscillatory flows under a wide range 
of turbulent conditions? (3.1) 

· What are the appropriate formulas to estimate vegetative resistance for a wide range of 
submergence degrees (from emergent to deeply submerged)? (3.1) 

· How can a physical model be set up to help improve the understanding of friction coefficients 
for Phragmites and Spartina? (3.1) 
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· What are the ecological tradeoffs; Phragmites versus native marsh like Spartina, or no marsh? 
(3.1) 

· How adaptable are Phragmites and Spartina to sea-level rise? (3.1) 

Research tasks 

1. Flow resistance evaluation of Phragmites and Spartina  
a. Collect bio-mechanical properties of Phragmites and Spartina  
b. Assess Manning’s coefficient (or drag coefficient) in a laboratory flume using natural 

plants as bed lining 
c. Using laboratory experiment results, improve and calibrate vegetative resistance 

formula related to flexible plants 
d. Create or improve a numerical model that includes a coupling between vegetation 

resistance, flow conditions, and vegetation properties 

Qualified 
personnel Coastal engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(3) 
 

(2) 
 

Overall ranking (8)  

2. Evaluate species diversity, abundance, and population of birds and other wildlife in the 
presence of Phragmites and Spartina 

a. Conduct a detailed literature review for Phragmites and Spartina 
b. Collect observation data as necessary for locations in NYC 
c. Using metrics determined in Task 5.1, further evaluate and quantify the ecological 

benefits of Phragmites and Spartina  

Qualified 
personnel Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(1) 
 

Overall ranking (8)  
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3. Revise and recommend Phragmites management practices. 
a. Investigate the impacts on water quality due to the use of herbicides or burning to 

clear Phragmites 
b. Investigate creative management practices which, instead of removal for restoration 

of native marshes, can consider shoreline stabilization, water filtration, nutrient 
sequestration, raw material provision, and/or forage provision for primary 
management purposes 

Qualified 
personnel Environmental Engineer; Planner 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(1) 
 

(1) 
 

(3) 
 

Overall ranking (5)  
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Motivation 

Many hypotheses related to the hazard mitigation potential and ecological benefits of CGI strategies 
require field observation data to further evaluate and refine. Pilot projects are critically important to 
systematically address hypothesis that require field observations and monitoring. This is especially the 
case for non-traditional projects, which lack lessons learned and success stories from similar 
installations in NYC or elsewhere.  

For each pilot project: 

· Performance and affecting factors can be examined; 
· Relationships between strategy types, shoreline location, and adjacent shoreline conditions 

can be evaluated;  
· Proposed design and/or regulatory guidelines can be tested; and 
· Performance metrics for given strategy types can be created and/or refined based on 

observational data. 

Because pilot projects are often fundamental to furthering the science and may be challenging to 
implement due to regulatory and cost considerations, it is recommended that pilot studies in the area 
be prioritized prior to implementation. 

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What are the minimum pilot project scales? (2, 3.1, 3.2, 3.3, 4.1, 4.3) 
· Which project attributes are critical to hazard mitigation and ecological benefits? (3, 4.1) 
· How does the geographic location affect the performance of each CGI strategy (e.g., compare 

the performance of wetland projects in various locations throughout NYC)? (3.1) 
· Which CGI strategies likely provide the most significant ecological benefits, hazard mitigation, 

or both at a given location? (2, 3) 
· What strategies are likely to exhibit more substantial benefits when incorporated into a multi-

strategy complex? (2, 3) 
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· Can the pilot project study resolve regulatory concerns for permitting non-traditional CGI 
projects? If yes, what are important data or indicators that should be introduced for improving 
the existing permitting process? (4.1, 4.2, 4.3) 

Research tasks 

1. Pilot project identification 
a. Identify hypotheses to be evaluated via pilot projects 
b. Conduct a literature review and stakeholder survey to identify potential pilot projects 

for each CGI strategy type 
c. Make recommendations for the implementation of proposed pilot projects and their 

associated monitoring programs to further align hypothesis and proposed projects 
d. Work with stakeholders to determine prioritization factors 
e. Establish a prioritization of pilot projects in the NYC area 

Qualified 
personnel Ecologist; Coastal Engineer; Planner 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (10)  

2. Pilot project implementation and monitoring 
a. Work with partner agencies to implement consistent monitoring protocols (Task 5.1) 

across pilot projects 
b. Collect post-process and host monitoring data in an accessible platform (Task 5.6) 
c. Using the available monitoring data, test the hypotheses proposed for evaluation, 

e.g., oyster habitat in high-wave energy environments 

Qualified 
personnel Ecologist; Coastal Engineer; Planner 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(0) 
 

(3) 
 

(1) 
 

Overall ranking (5)  
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Motivation 

More frequent implementation of CGI in NYC and the State may ultimately require changes to 
regulatory processes that can streamline CGI permitting. Research by the Georgetown Climate Center 
(2013) showed that most standard USACE permitting favors a “hard” engineering approach to 
shorelines. However, in precedents from Alabama and Maryland, states have worked with the USACE 
to encourage living shorelines, through Programmatic General Permits and Regional General Permits, 
as well as offering to provide additional technical guidance on design, construction, and evaluation of 
CGI. Similarly, living shorelines in Virginia and Rhode Island are more widely applied than elsewhere, 
in part due to changes in governing legislation. While these specific permits may not be applicable in 
NYC and New York State, a similar process toward streamlining CGI permitting could be proposed to 
justify a framework for a potentially simpler and quicker decision. For example, where results of pilot 
studies could demonstrate that certain types of CGI projects provide improved ecosystem services, it 
may be possible to acquire a SAP, which is similar to the USACE Nationwide General Permit. 
Permitting CGI using a Standard Activity Permit (SAP) would have the added benefit of relieving some 
of the regulatory burden on limited personnel by simplifying the approval of CGI beforehand.  

Another concern is that there is currently no agreement among agencies on conservation goals, 
priority species, and habitats (especially benthic habitat) for NYC, which makes decision making and 
permitting difficult. Achieving consensus on key habitat, species, and indicators requires more detailed 
benthic and habitat data and focused discussion. 

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What existing regulations inhibit the adoption of CGI? Can they be modified in a way that 
preserves their intent, but still allows for innovative engineering solutions which include CGI? 
(2) 

· Are there opportunities in the existing regulatory framework to enable implementation of CGI? 
(2) 

· What would be required to make CGI projects eligible for a SAP? (2) 
· How should a habitat tradeoff analysis be structured to evaluate habitat values (e.g., mudflat 

versus converted salt marsh) in a way that is acceptable within the existing regulations? 
Should existing regulations be re-evaluated to consider habitat tradeoff differently? (2) 
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· Which benthic and habitat data are necessary to aid in decision making? How can that data 
be best collected and shared amongst agencies? (2) 

· What are the minimum pilot project scales, minimum monitoring timelines, etc. to aid in the 
refinement of the regulatory framework? (2) 

· How can consensus on key habitat, species, and indicators be achieved amongst regulators? 
(2) 

Research tasks 

1. Research the existing regulatory framework, SAP requirements, and coordinate regulatory 
agencies. 

a. Conduct a literature review to identify opportunities in the existing regulatory 
framework to enable implementation of CGI and investigate the steps required to 
make CGI projects eligible for a SAP. 

b. In cooperation with Tasks 5.1, 5.6, and 5.8, support the process to reach an 
agreement on the path forward for conceptual model development, data acquisition 
and management, and pilot studies through coordination between agencies. 

c. Host workshops and/or meetings with regulators to build toward a consensus on 
possible regulatory reform. 

Qualified 
personnel Planner; Permitting Specialist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(0) 
 

(3) 
 

(2) 
 

Overall ranking (5)  
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Motivation 

As an initial screening tool for development and mitigation opportunities, it is necessary to understand 
what CGI and shoreline types exist currently, as well as which CGI strategies could be implemented 
along reaches of the existing shoreline. The study “Urban Waterfront Adaptive Strategies” conducted 
by NYC DCP developed a high-level overview of the shoreline typology and strategies description. 
However, a deeper dive of appropriateness of shorelines for different CGI strategies based on various 
considerations (e.g., CSOs, ice, waves, wakes, etc.) would be a helpful planning tool. 

In coordination with Tasks 5.1, 5.2, 5.3, and 5.6, available data and metrics can be used to create a 
map that encodes each section of the NYC shoreline with the possible CGI techniques that are 
applicable and most beneficial, including consideration of sea level rise impacts on critical at-risk 
ecosystems (e.g., evaluate which ecosystems and locations may shift quickly or disappear with sea 
level rise). This type of map would allow for a more robust and data-backed decision making process 
and means to prioritize projects throughout the region.  

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· Which CGI strategies are most applicable along the NYC shorelines for current conditions? (4) 
· Which CGI strategies are most applicable along the NYC shorelines for future conditions? (4) 
· Which shorelines present opportunities to provide the most substantial net ecological benefits 

using CGI strategies? (4) 
· Which shorelines can be protected from event-based and gradual hazards using CGI 

strategies? (4) 
· What are the screening criteria for prioritizing applicable CGI strategies? (4.1) 
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 Shoreline assessment for appropriateness of CGI Strategy Agenda 5.10

Research tasks 

1. Develop a mapping tool displaying possibilities for CGI integration into the NYC shoreline 
a. Evaluate energy level of physical forces along each stretch of shoreline (in 

coordination with Task 5.1) 
b. Examine existing ecosystem and critical habitats 
c. Quantitatively or qualitatively assess net ecosystem benefits of potential CGI 

strategies 
d. Incorporate future sea-level projections into the mapping tool  
e. Use available data (Tasks 5.1, 5.3, and 5.6) to make a web based shoreline map that 

codes each section of shoreline with the applicable CGI strategies 
f. Enhance visualization capability, including a web portal so that agencies and 

designers can obtain background information (shoreline and CGI strategies) quick 
and easily 

Qualified 
personnel Computer Scientist; Planner; Coastal Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(2) 
 

(3) 
 

(2) 
 

Overall ranking (7)  
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 Coastal Resiliency Benefits Quantification of Wave and Current Velocity Reduction Agenda 5.11

Motivation 

Traditionally the benefit of coastal protection strategies, such as levees and floodwalls, are based 
upon relationships between the depth of inundation and damages to structures and other 
infrastructure. For instance, USACE and FEMA benefit cost analysis (BCA) tools are founded on depth 
damage relationships.  

However, CGI strategies generally have little to no impact on stillwater (storm tide) levels during storm 
events. Rather, the most significant hazard mitigation benefits from CGI strategies are reductions in 
current velocity and wave energy. Yet a systematic means to assess the economic impacts and 
damage reductions associated with these benefits has not been developed; traditional BCA tools are 
not able to capture the hazard mitigation and coastal resiliency benefits of CGI strategies. 

CGI strategy hazard mitigation benefits are generally understood qualitatively. For instance FEMA 
Flood Insurance Rate Maps include V-Zone and Coastal A-Zone designations, which are areas with 
storm-induced waves. Often planning studies assess the impacts on V-Zone and Coastal A-Zone 
limits due to CGI strategy implementation as a means to demonstrate reduced wave action and flood 
hazards. However, the direct damage reduction benefits of decreased wave action and current speeds 
has not been quantified (e.g., monetized) in a generally accepted way such that the benefit of CGI 
strategies can be compared to one another and to traditional coastal protection measures. 

Key questions 

The following research questions have been identified. Section headings are annotated to indicate 
where questions are originated. 

· What are the coastal resiliency and protection targets that should be identified (e.g., wave 
reduction, reduced structure count in the floodplain, reduced structure count in high wave 
zones, etc.) (4) 

· Can existing BCA tools be updated to quantify coastal resiliency benefits such as reduced 
current speeds and wave energy? 

· Which data are necessary to quantify coastal resiliency benefits?  Which data are available? 
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 Coastal Resiliency Benefits Quantification of Wave and Current Velocity Reduction Agenda 5.11

Research tasks 

1. Develop a methodology for quantifying coastal resiliency benefits 
a. Conduct a literature review of existing studies quantifying the benefits of reduced 

wave energy and current velocities 
b. Determine the necessary tools and data to develop a methodology that could be 

applied in the NYC area 
i. Infrastructure data (e.g., partial damage and failure mechanisms related to 

high currents and wave energy) 
ii. Data to monetize the damages associated with infrastructure 
iii. Representative without project wave and current velocities 
iv. In association with Section 6 agenda items, identify numerical models to 

determine with project wave energy and current velocity reductions 
c. Recommended methodology(s) for quantifying hazard mitigation benefits of CGI 

strategies and other coastal and riverine infrastructure designed to reduce current 
velocities and/or wave energy 

Qualified 
personnel Coastal Engineer; Structural Engineer; Civil Engineer; Economist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(3) 
 

(2) 
 

Overall ranking (8)  
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 Constructed Wetland Research Agendas 6.1.

Agenda 6.1.1 Vegetative Flow Resistance and Storm Wave Attenuation Potential of Salt Marsh and 
Maritime Forest 

Motivation 

A key element of a constructed wetland (i.e., salt marshes) and maritime forests is vegetation. In 
comparison to the bottom friction of a bare seabed, vegetation in constructed wetlands and living 
shorelines provides significant resistance to water flows, dissipating momentum and energy. There are 
empirical and theoretical formulas available for estimating vegetative resistance; however, the 
formulas and coefficients, e.g., Manning’s coefficient and drag coefficient, are typically developed from 
a given set of field or laboratory conditions, which range from bio-physical properties of a single plant 
and plant community to physical flow conditions.  

Another concern is that salt marshes and maritime forests are often fragmented by natural or human 
disturbances. Understanding the effects of patch dynamics can help avoid the overestimation of 
protective value of these vegetated systems, while improving the design to promote a more effective 
arrangement. This study further 1) tests existing vegetative resistance formula and friction coefficients; 
2) examines the potential of intact and fragmented (patchy) wetland and maritime forests for reducing 
storm surge and waves; and 3) explores surge/wave reduction capability and its relationship with 
internal and external factors.  

Key questions 

The following research questions have been identified.  

· What are the bio-mechanical properties of coastal wetlands and coastal and maritime forests 
in NYC coastal habitats?  

· How resistant are coastal wetlands and maritime forests to marine forces under a wide range 
of turbulent conditions?   

· What are the appropriate formulas to estimate vegetative resistance for a wide range of 
submergence degrees (from emergent to deeply submerged)?  

· How can field measurements and physical model setup improve the understanding of 
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Agenda 6.1.1 Vegetative Flow Resistance and Storm Wave Attenuation Potential of Salt Marsh and 
Maritime Forest 

vegetative resistance (Manning’s coefficient) of prevalent species of coastal wetlands and 
maritime forests in the NYC region? At what scale (horizontal and vertical) are constructed 
wetland and maritime forests effective at dissipating wakes and waves and reducing surge?   

· How can numerical models be improved to more accurately predict the reduction in storm 
surge, wind waves and erosion due to vegetative resistance?   

· How can patch complexity and dynamics (e.g, fragmentation, patch expansion and 
degradation) be parameterized in numerical models?   

· How do patch dynamics affect the hazard mitigation potential?  
· What are the minimum pilot project scales for providing targeted levels of protection and 

ecosystem services? 

Research tasks 

1. Flow resistance evaluation of coastal wetlands and coastal and maritime forests (in 
coordination with Task 5.7.1) 

a. For vegetative species other than Phragmites and Spartina, collect the necessary bio-
mechanical properties 

b. Assess Manning’s coefficient (or drag coefficient) in a laboratory flume using natural 
plants as bed lining 

c. Using laboratory experiment results or field transect data, improve and calibrate 
vegetative resistance formula applicable to both flexible and rigid plants 

Qualified 
personnel  Coastal Modeler; Ecologist; Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(1) 
 

(3) 
 

Overall ranking (8)  

2. Conduct a numerical study  
1. Improve the understanding of interactions between vegetation resistance, flow 

conditions, and vegetation bio-mechanical properties 
2. Examine the effects of patch dynamics (fragmentation, arrangement) on the 
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Agenda 6.1.1 Vegetative Flow Resistance and Storm Wave Attenuation Potential of Salt Marsh and 
Maritime Forest 

protection value of salt marshes and maritime forests in the NYC area 

Qualified 
personnel  Coastal modeler; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(2) 
 

(3) 
 

Overall ranking (7)  

3. Use numerical models to assess wave and surge reduction rates for internal (e.g., vegetative 
properties) and external (e.g., environmental conditions such as wave climates) variables such 
as project location, platform elevation, size, wetland continuity, proximity to other natural 
areas, and wave/surge dynamics. Studies should be organized in a systematic manner to test 
the sensitivity of wave and surge reduction for individual variables and the interaction between 
variables. 

Qualified 
personnel Coastal Modelers; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(0) 
 

(2) 
 

(3) 
 

Overall ranking (6)  
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Agenda 6.1.2 Resiliency of Maritime Forests and Coastal Wetlands under a Natural, Healthy Condition and 
Impacts of Urban Nature 

Motivation 

NYC's salt marshes and maritime forests have proven especially vulnerable and are increasingly in 
decline. For example, wetland loss around Jamaica Bay has been reported at an annual rate of 1 to 
2 percent. Fragmented salt marshes tend to be less resistant than healthy, intact marsh. Stability of 
coastal wetlands is not only related to the organic matter accumulation inherently but also to mineral 
sediment deposition. Maritime forests are subject to anthropological disturbance and natural 
disturbances, such as invasive species overtaking, salt spray, wind, and waves, under both normal 
and extreme weather conditions and climate change. Invasive species (plants or insects) could 
dramatically degrade the health of maritime forests making them less resistant to change (i.e., storm 
events, droughts). Resiliency is not merely an output of construction but one of ongoing 
conservation/natural resource management on many fronts of ecological integrity for target 
(ecological) communities or ecosystem services/benefits. 

With sufficient sediment and nutrient load, constructed wetlands and maritime forests are sustainable 
strategies that can self-adapt to gradual hazards, such as sea-level rise, and can self-recover from 
moderate damage due to storm events. Although trends and concepts are generally understood, 
further studies are required to improve the broader communities’ understanding of the resiliency of 
constructed wetlands and maritime forests, such that restoration efforts can be optimized. 

Key questions 

The following research questions have been identified.  

· Can existing resiliency evaluation tools, e.g., the CRT developed by TNC, be improved to 
examine resiliency considering present and future flood and sea-level rise hazards for NYC? 

· How to quantify (index) the resiliency of vegetation system?  
· How is the resiliency affected by the urban settings of NYC? 
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Agenda 6.1.2 Resiliency of Maritime Forests and Coastal Wetlands under a Natural, Healthy Condition and 
Impacts of Urban Nature 

Research tasks 

1. Quantitatively assess resiliency of maritime forests and salt marshes (e.g., establish indices) 
including but not limited to: 

a. Identify factors contributing to marsh and maritime forest loss that threaten restored 
wetlands and their associated ecosystem benefits  

b. Review existing methods or models, e.g., CRT estimating coast resiliency to identify 
needs of improvement for NYC 

c. Examine self-recover time scale after a storm event and affecting factors and 
adaptability to sea-level rise. 

Qualified 
personnel  Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(2) 
 

(2) 
 

(3) 
 

Overall ranking (7)  

2. Quantitatively assess the impact of the highly urban settings of NYC on resiliency, including 
but not limited to: 

a. Fragmentation due to roads 
b. Nutrient load 
c. CSOs and other pollution effects 

Qualified 
personnel  Ecologist; Coastal Hydrologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(2) 
 

(3) 
 

Overall ranking (7)  
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 Reef Research Agendas 6.2.

Agenda 6.2.1 Complex Flow and Wave Transmission Analysis of Constructed Reefs 

Motivation 

Recently, innovative designs of substrate units are more commonly implemented to build artificial reef 
substrate, replacing traditional rocks or rubble. The lightweight and hollow design makes construction 
easier and attracts more marine lives. Meanwhile, it is anticipated that that these units are able to 
reduce wave energy effectively and provide the potential to trap sediments. However, observational 
data and supporting numerical modeling analyses to quantify the impacts and optimize designs and 
feature benefits (e.g., wave transmission coefficient) are limited. 

Advanced hydrodynamic studies of these complex features require high-performance computations to 
simulate three-dimensional flows around and through the reef units to establish bulk flow parameters 
and surface wave transmission coefficients. These bulk flow parameters and surface wave 
transmission coefficients are to be developed such that they can be applied as part of further 
engineering analyses for design and performance comparison. An example would be bulk parameters 
informing a two-dimensional numerical modeling analysis to investigate the impacts of artificial reefs 
on regional circulation and wave dissipation.  

Key questions 

The following research questions have been identified.  

· What are the flow patterns through reef units? How are the flows affected by the shape and 
the void space of the unit?  

· What are the wave transmission coefficients of various artificial reefs? 
· How do project properties such as footprint shape, proximity to coast, and crest elevation 

affect wave transmission over reefs? 
· How does the surface roughness of reefs affect wave transmission? 
· What is the optimal crest elevation, considering structure stability and resiliency? 
· What is the circulation pattern behind the structure? How is that related to the residence time 

of the tranquil water? 
· How is sedimentation behind the reef impacted?  
· How are shellfish and finfish populations affected by flow speed and circulation patterns? 
· What is the optimal size for a constructed reef pilot study in order to quantify both ecological 

and coastal protection impacts? 



 
 
 
 
 
 
 
 

NEIWPCC_Coastal_Green_Inf_final_submittal_12012014.pdf 108 

Coastal Green 
Infrastructure Research 
Plan for New York City 

Agenda 6.2.1 Complex Flow and Wave Transmission Analysis of Constructed Reefs 

Research tasks 

1. Quantify three-dimensional flow through complex reef units and improve the parameterization 
of bulk flow and wave dissipation.  

a. Develop an advanced three-dimensional model for the evaluation of flows in and 
around individual and multiple reef units 

b. Establish bulk flow parameters to be used in a project scale analysis 
c. Estimate the wave transmission coefficients 
d. Perform physical model testing to further evaluate flow and turbulence patterns 

Qualified 
personnel  Coastal Engineers; Coastal Modelers 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(1) 
 

(3) 
 

Overall ranking (8)  

2. Conduct a proof of concept study to optimize project properties such as footprints, proximity to 
coast, and crest elevation to maximize wave attenuation and improve conditions for shellfish 
and finfish habitat. 

a. Develop a two-dimensional model for the evaluation of flows in and around individual 
and multiple reef units, which includes consideration of bulk flow parameters defined 
in Task 6.2.2 

b. For an individual project site, optimize wave attenuation and flow parameters 
necessary for shellfish and finfish habitats to establish a general guideline for similar 
assessments 

c. In coordination with Task 5.1.4, test metrics for evaluation and optimization 

Qualified 
personnel  Coastal Engineers; Coastal Modelers; Marine Biologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(3) 
 

(1) 
 

Overall ranking (6)  
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Agenda 6.2.2 Oyster Habitat Assessment 

Motivation 

Constructed living reefs are desirable from an ecological viewpoint, although they are strictly limited by 
many environmental factors. Oyster reef pilot sites for example, have been limited to low to medium 
energy environments and tidal range must be strongly considered in any design. Additionally, oysters 
are highly susceptible to damage from debris, ice, and sometimes longshore shifting sediment, which 
as it builds up can suffocate the reef. From the 17th to 19th centuries, oysters occupied more than 
350 square miles of the Hudson-Raritan Estuary from as far south as Sandy Hook to as far north as 
Ossining, New York (NY/NJ Baykeeper 2006). Oysters are now functionally extinct, with a loss greater 
than 99 percent in the Hudson-Raritan Estuary (NY/NJ HEP 2012). In a geological time scale, oyster 
colonizations succeed and diminish in the Hudson-Raritan Estuary due to warm-cool cycles.  

Oyster reef systems require specific conditions in order for the species to thrive and become self-
sustaining. Key considerations related to oyster habitat are: 

· When placing reefs in NYC, water quality is one of the most important factors limiting colonization. 
Salinity, dissolved oxygen, and turbidity must all be within the optimal range for successful reef 
development. Additionally, pollutants, through CSOs altering the water’s nutrient load, affect reef 
health.  

· A freshet can have a large impact on the salinity of the lower portion of an estuary with a large 
river discharge like the Hudson, dramatically affecting key ecosystem processes (Rella 2014) and 
triggering oyster disease, MSX (Buzan et al. 2009).  

· Predation by blue crabs and oyster drill may also cause serious damage to reefs.  
· Historically, a combination of overfishing, pollution, and habitat destruction has led to the loss of 

oyster habitat.  

There is a need to implement pilot projects and monitor the established oyster habitat, focusing on 
growth, survival, disease, and, most importantly, natural recruitment. Water quality monitoring should 
also take place and include pollution levels (metal or toxic chemical), salinity variation, water 
temperature, turbidity, and dissolved oxygen. Oyster reefs generally lack adaptive management plans 
after their deployment. 

Key questions 

The following research questions have been identified.  

· What is the optimal survey interval? How long should various parameters be monitored?  
· Can USACE monitoring criteria and recommendations be applied “as is” or improved for the 
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NYC coast? 
· What are the impacts of MSX and oyster drill in NYC reefs? Is there a time period, relative to 

reef construction, in which oysters are most vulnerable to MSX and oyster drill? 
· Which are the critical factors (water quality, substrate chemical, social) NYC destroying oyster 

reefs? 
· How does the project scale affect oyster implantation and colonization? What are the 

properties of oyster substrate that determine oyster growth and multiplication and how? 
· How is oyster colonization affected by flow speed and circulation patterns? How can larval 

transport be assessed at a harbor scale? 
· What are properties of oyster substrate that determine oyster growth and multiplication and 

how? 
· What are possible structural benefits achieved by developing oyster reefs on marine 

infrastructure (i.e., effect on structural strength, chloride penetration, physical forces 
absorption)? 

Research tasks 

1. Examine monitoring criteria, critical impact factors, and adaptive management of reefs 
a. In coordination with Task 5.1 and considering USACE monitoring criteria and 

recommendations, develop monitoring protocols for oyster reefs 
b. Evaluate the impacts of MSX, oyster drill, pollutants, and other critical parameters on 

oyster habitat in NYC  
c. Create a harbor-wide assessment model for larval transport in coordination with 

Task 5.3.1 (sediment transport model) 
d. Develop adaptive management criteria for oyster reefs in NYC 

Qualified 
personnel  Ecologist; Biologist; Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(1) 
 

(3) 
 

(2) 
 

Overall ranking (7)  
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 Channel Shallowing Research Agendas 6.3.

Agenda 6.3.1 General Research on of the Effects and Feasibility of Channel Shallowing for Flood Risk 
Reduction in NYC 

Motivation 

The channel shallowing strategy has the capability to reduce flooding substantially in locations like 
Jamaica Bay and potentially many other locations, as discussed and suggested in Section 3.4, the 
literature review for channel shallowing strategy. However, it is a new concept and there are many 
research questions to address if it is to be considered an applicable measure. Several fundamental 
research questions need to be addressed to help evaluate where this strategy could be helpful and 
how helpful it can be in reducing flood risk. 
Research should begin with broad studies of the effects on flooding and waves for a range of location 
characteristics, including channel width, depth, and length, as well as inlets versus estuary channels. 
The study should utilize a range of storm types, from more common annual storm events to severe 
nor’easters and to hurricanes. The pairing of the channel shallowing strategy with wetland restoration 
has appeared to be synergistic because deep channels allow floodwaters to circumvent wetland 
areas; therefore, the cumulative benefits of these two strategies needs to be examined.  
Channel shallowing, in most cases, is a difficult measure to utilize on a short time scale because deep 
channels are typically used for commerce or recreational activities or both. The concept in some cases 
can only be envisioned as a long-term solution, potentially even a passive approach where natural 
sedimentation fills the channel over many decades. As such, any study of the approach should include 
deeper research on flood resilience, where channel shallowing (potentially paired with wetlands) is 
compared to gray and green-gray solutions. These studies should address both how well the 
adaptations work when the flood elevation is within their design height, but also when the flood 
elevation exceeds design height. These studies should also closely evaluate the impact of each 
adaptation strategy over a century or longer time scale, in terms of flood risk reduction, given 
accelerating sea-level rise. 

Key questions 

The following research questions have been identified.  

· What is the feasibility of shallowing a given channel, balanced against the utility of a channel 
for deep-draft vessels, in terms of all present uses of that channel, economic or municipal? 

· What is the flood reduction benefit for this strategy for a variety of different flood events, from 
more common, annual floods to extreme cases like Hurricane Sandy or worse? 
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Agenda 6.3.1 General Research on of the Effects and Feasibility of Channel Shallowing for Flood Risk 
Reduction in NYC 

Research tasks 

1. Search and identify potential channels that can be filled either by placing sediment fill or 
decommission of navigation usage; develop analytical (mathematical) or simplistic numerical 
model experiments to evaluate flood impacts of channel shallowing for a range of scenarios; 
or develop or use existing realistic, detailed models of local waterways to examine the efficacy 
of channel shallowing for flood reduction at a range of sites. 

Qualified 
personnel  

Coastal Engineer; Hydrodynamic Modeler; Hydraulic Engineer; Physical 
Oceanographer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(1) 
 

(3) 
 

Overall ranking (8)  

2. Develop methods for valuing flood reductions, the economic value of channel use by deep-
draft vessels, valuing long-term (100+ year) resilience and not simply short-term resilience 
reflected in the 100-year flood and projected sea-level rise over decades. Apply these for 
example cases from NYC. 

Qualified 
personnel  Economist, Sustainability Scientist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(1) 
 

(3) 
 

Overall ranking (8)  
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Agenda 6.3.2 Environmental Study of the Channel Shallowing Strategy at a Feasible Location Motivation 

Motivation 

To determine whether or not shallowing is feasible for a given location, the same questions identified 
in the prior section must be addressed, but in the narrower context of the local site. Additionally, 
candidate in-fill methods and resulting in-fill time periods must be evaluated. The strategy has not 
been applied anywhere yet, and the method for shallowing is a crucial question. At one extreme, the 
method of shallowing could simply be initiated by decommissioning a dredged channel and allowing 
natural sedimentation over a longer period of time. At the other extreme, shallowing could be 
accomplished through direct sediment in-fill, similar to beach replenishment. Options like oyster 
farming, or the sand engine strategy, might be evaluated for their impact on in-fill and the rate at which 
resulting shallowing would occur. 

The range of boating and shipping and other uses of deep channels need to be evaluated and 
weighed for a site. The shallowing strategy is challenging to implement because deep channels were 
initially dredged for shipping purposes and often have a wide variety of users. However, if a channel is 
no longer used, or the use requires only a shallower depth (e.g., for sailboats, fishing charters), then 
some level of shallowing is possible and natural shallowing is even likely if dredging is halted because 
its expense is no longer justified. Assessing tradeoffs between economic values versus ecosystem 
values after channel decommissioning is a key for this strategy. 

Key questions 

The following research questions have been identified.  

· What are the effects of this strategy on the local sediment budget? 
· Does this strategy complement restoration in terms of reducing deep-water pathways for 

flooding?  
· Does this strategy complement wetland resilience due to removing a deep-water sink for 

sediments? 
· What are the effects of sediment budget on the stability of this strategy? 
· What are the differences in water quality and residence time with and without channel 

shallowing? 
· What is the potential of this strategy for storm surge and wave reduction? 
· What is the human and ecological value of this strategy, and how does it compare to the 

human value of the channel for vessels that would no longer be able to use the channel? 
· What is period of natural infill, based on present-day sediment transport? 
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Agenda 6.3.2 Environmental Study of the Channel Shallowing Strategy at a Feasible Location Motivation 

Research tasks 

1. Development of numerical models for circulation and transport.  
a. Develop numerical model to quantify storm surge reductions, effects of channel 

shallowing on sediment transport, and effects of channel shallowing on water quality 
and residence time inside the semi-enclosed water body. 

Qualified 
personnel  

Coastal Engineer; Hydrodynamic Modeler; Hydraulic Engineer; Physical 
Oceanographer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(1) 
 

(3) 
 

Overall ranking (8)  

2. Quantify the integrity of the restored habitats at a specific location. 
a. BACI requires immediate action of field data collection, including environmental and 

ecological variables 
b. Tradeoff analysis (habitat tradeoffs, ecosystem conservation, and urban development 

tradeoffs) 

Qualified 
personnel  Coastal Engineer; Ecologist; Biologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(0) 
 

(1) 
 

(1) 
 

(3) 
 

Overall ranking (5)  
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 Ecologically-enhanced Bulkheads and Revetments Research Agendas 6.4.

Agenda 6.4.1 Ecologically-enhanced Bulkheads and Revetments Design Guidelines 

Motivation 

Bulkheads and revetments are common in urban areas, marinas, and along rivers and coasts where 
space is limited. For these reasons, bulkheads and revetments have been a favored shoreline 
stabilization approach in and around the area of NYC. For all their benefits, bulkheads and revetments 
have been shown to have a number of negative impacts related to ecological productivity. Recently, a 
variety of enhancements have been proposed (and in some cases applied) that aim to minimize some 
of these negative impacts, while preserving the stabilization function of the structure. The proposed 
enhancements take a variety of forms ranging from simply incorporating vegetation into an existing 
structure (joint planted revetment) to completely changing the geometry and composition of the 
structure. When designed correctly, the enhancements can furnish important shoreline characteristics 
and improve habitat areas for fish, shellfish, birds, mammals, and other aquatic and terrestrial life.  

While the concept of ecologically-enhanced bulkheads and revetments has gained momentum 
recently, a number of questions remain about the usefulness and cost-effectiveness of these 
enhancements. For example, when using vegetation, there is a trade-off between the ecological 
benefits and the potential for adverse impacts if the vegetation becomes overgrown. While initially the 
root systems increase the structure stability and reduce the washout of soil, overgrown roots can 
displace armor stone, thereby destabilizing the structure as a whole. Additional research needs to be 
performed to assess the effectiveness of the different types of enhancements being proposed. 
Ultimately, a set of design guidelines needs to be developed that highlights the delicate balance 
between ecology, engineering, and aesthetic in these innovative projects. 

Key questions 

The following research questions have been identified.  

· What is the stone size and depth of cover layer that is necessary for avoiding root wedging? 
· To what extent can vegetation stabilize the bank and structure? 
· If vegetation becomes overgrown, does it have an adverse effect on the shoreline?  
· How does drift ice impact the ecologically-enhanced structure (in coordination with Task 5.4)? 
· How do wakes impact ecological enhancements (in coordination with Task 5.5)? 
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· What are the ecological and water quality benefits of enhancements relative to traditional 
solutions? 

· How successful is the ecologically-enhanced structure in providing hazard mitigation 
compared to its traditional form? 

Research tasks 

1. Define and standardize design guidelines for ecological enhancement  
a. Establish guidelines to determine stone size and armoring depth for bank stabilization 

features with joint planting  
b. Quantify the bank stabilization achieved by joint planting, including consideration of 

destabilization related to overgrowth of vegetation 
c. Recommend maintenance guidelines for vegetation growth if necessary 
d. Assess drifting ice conditions to determine design guidelines which will improve the 

success (e.g., limit uprooting) of ecological enhancements 
e. Evaluation of wake waves in design guidance 
f. Perform physical model testing to study flow patterns surrounding different structure 

types and ecological enhancements 

Qualified 
personnel  Coastal Engineer; Hydraulic Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(2) 
 

Overall ranking (9)  
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Motivation 

Many ecological alterations to marine infrastructure exist that are intended to increase the level of 
biomass accumulation or growth of marine fauna and flora on the structure. Methods include but are 
not limited to; constructing structures from materials that offer a suitable substrate for marine growth, 
providing enclosed spaces or areas with reduced turbulence to serve as nursing grounds, and 
providing a texturized surface to increase complexity.  

It has been proven that an increase in biological productivity can be achieved by implementing the 
listed techniques. These artificial habitats provide food and nesting habitat as well as sequestrate 
carbon, recycle biological material, and boost benthic productivity; significantly improving water quality 
at the site. However, the effects of the habitat on the structure itself have not been well documented. It 
has been proposed that increased growth reduces maintenance requirements, absorbs the forces 
from waves and debris, as well as increases the expected lifespan of the structure.  

Key questions 

The following research questions have been identified.  

· What effects does the growth of invertebrates on marine infrastructure have on the structural 
integrity of the material? 

· What effects does the growth of invertebrates on marine infrastructure have on its expected 
lifespan? 

· How does the accumulation of biomass on marine infrastructure affect its maintenance 
requirements? 

· How does the accumulation of biomass on marine infrastructure affect the amount of chloride 
penetration? 
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Research tasks 

1. Identify and quantify structural benefits achieved from habitat growth 
a. Determine which materials can be applied to marine infrastructure and provide a 

suitable substrate for marine growth 
b. Identify the species and quantity of marine fauna and flora achieved by implementing 

ecological enhancements 
c. Quantify any increase in structural strength achieved from habitat growth 
d. Quantify the reduction of forces achieved by the accumulated biomass 
e. Determine any reduction in chloride penetration due to the presence of marine habitat 

Qualified 
personnel  Coastal Engineer; Ecologist, Biologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(2) 
 

Overall ranking (9)  
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 Living Shorelines Research Agendas 6.5.

Agenda 6.5.1 Living Shoreline Design Guidelines 

Motivation 

A commonly constructed form of living shoreline is a marsh area that is protected by a low-lying stone 
sill. One of the primary purposes of this strategy is to mitigate shoreline erosion and degradation, 
which is often caused by gradual processes under typical weather conditions and can be accelerated 
by acute events under stormy weather conditions. As a complex, the sill and the developed marshland 
components of the living shoreline reduce wave energy. The sill serves to protect the marsh plantings 
during typical tidal events, while the marsh stabilizes the shoreline and provides a last line of defense 
during storm events. However, the quantity of wave reduction depends on the size of the sill, marsh 
width, marshland vegetation type, and the local wave climate.  

A sill allows for a significant amount of habitat to develop between itself and the shoreline. By 
decreasing the energy of the water shoreward of the structure, marine fauna and flora can become 
established, where the wave energy would normally be too intense for habitat to develop. Spaces 
between the armoring stones, as well as irregularity (non-linear) of the shoreline can promote species 
richness and abundance. This is due to the water exchange, decreased current velocities, and 
sheltered space, which is viable habitat for fish and other marine organisms of varying sizes. Properly 
designed sills with appropriate crest height and window spacing allows for circulation, preventing the 
water behind the sill from becoming stagnant. The USACE currently uses a sill cross-section 
developed by Hardaway. However, additional research is needed for defining standardized design 
guidelines that address window spacing, distance offshore and other design features more specifically. 

Key questions 

The following research questions have been identified.  

· What are the optimum sill dimensions (e.g., sill height, window dimensions, and spacing) for 
various estuarine/riverine conditions (e.g., channel shape, seasonal flow rates)?  

· How effective are different sill materials (rock, gabions, bulkhead, living reefs) at dissipating 
waves and holding the front edge?  
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· How do marsh characteristics (elevation, plant density, width) influence energy dissipation? 
· How can edges be shaped to best enhance species richness and abundance?   
· How do poor underlying soil conditions impact the long-term stability of living shoreline 

projects?   
· How will sea-level rise impact living shoreline projects?   
· How does ice impact the living elements of CGI projects (both vegetation and animal life)?  
· How guidelines are best improved for the design of coastal structures in icy environments? 

How do wake waves impact living shorelines design guidelines? 
· How successful is the living structure compared to traditional structural strategies?  What are 

the ecological benefits of living shorelines? How do we integrate ecological benefits into 
project selection criteria?  Which materials are most successful at providing ecological and 
water quality benefits? 

· How can present regulations be modified to allow for adaptive management of living shoreline 
projects? 

Research tasks 

1. Develop a protocol (in coordination with Task 5.1.3) for the monitoring and assessment of 
living shorelines. 

a. Determine changes in water quality  
b. Determine changes in species abundance 
c. Determine shoreline stability 
d. Determine changes in marsh extent and vegetation 
e. Determine sediment accretion or erosion within the marsh 

Qualified 
personnel  Coastal Engineer; Ecologist; Landscape Architect 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(2) 
 

(3) 
 

(3) 
 

Overall ranking (9)  
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2. Define and standardize design guidelines for living shorelines 
a. Determine the tolerance to ice volume and force on sills and vegetation   
b. Evaluation of wake waves in design guidance 
c. Provide guidance for the creation of shoreline curvature to enhance species richness 

and abundance 
d. Determine guidelines for sill elevation, window dimensions, and distance to the 

existing shoreline, which determines the volume of sediment fill and size of habitat 
creation 

Qualified 
personnel  Hydraulic Engineer; Ecologist 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(3) 
 

(3) 
 

(3) 
 

Overall ranking (10)  

3. Evaluate the wave and current energy dissipation provided by a range of edge types (e.g., sill 
dimensions, window spacing, bank sinuosity, material type) using physical models and field 
studies. Supported by Tasks 5.7, 5.8, and 6.1.1. 

Qualified 
personnel  Coastal Engineer 

Ranking 

Fundamental 
principles Chronology Regional 

Applicability Affordability 

(1) 
 

(0) 
 

(3) 
 

(1) 
 

Overall ranking (5)  
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7. Research Summary 

Agenda Task Brief Description 

Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

5.1 
Ecological Conceptual 
Model and Monitoring 
Protocol Development 

5.1.1 Develop conceptual model 0 3 3 2 7 

5.1.2 Identify/test metrics and control sites for habitat evaluation 0 3 3 3 9 

5.1.3 Develop ecosystem data monitoring protocol (coordinating with 
5.1.2) 0 2 3 3 8 

5.1.4 Identify/test metrics to quantify hazard mitigation performance 0 3 3 3 9 

5.1.5 Develop environment data monitoring protocol (coordinating with 
5.1.4) 0 2 3 3 8 

5.2 
Development of 

Ecosystem Models and 
CGI Projects 
Prioritization 

5.2.1 Prioritize habitats and species 1 3 3 3 10 

5.2.2 Review and development of rapid assessment tools comparing net 
benefits across habitats 1 3 3 3 10 

5.2.3 Review and development of ecosystem models for landscape 
changes 1 1 3 2 7 

5.2.4 Review and improve eco-path models used to predict fish biomass 
changes (coordinating with 5.2.1) 1 1 3 2 7 
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Agenda Task Brief Description 

Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

5.3 
Sediment Study 

5.3.1 Estimate an NYC area sediment budget 0 3 2 3 8 

5.3.2 Soil strength in NYC coast areas 0 3 1 2 6 

5.3.3 Identify sediment borrow sources and develop a regional sediment 
management plan 0 3 2 2 7 

5.4 
Ice Study 

5.4.1 Ice volume mapping 0 3 2 3 8 

5.4.2 Assess the dynamic and static ice forces 1 2 2 2 7 

5.4.3 Explore the risk of freezing damage on structures and vegetation 
types 1 2 2 2 7 

5.4.4 Improve the capability to model ice in existing hydrodynamic 
models 1 2 2 2 7 

5.5 
Vessel Wake 
Assessment 

5.5.1 
Determine locations throughout NYC to deploy measurement 

devices and obtain wake wave height measurements (requires 
instrument deployment) 

0 1 3 1 5 

5.5.2 Create a wake wave atlas 0 3 3 3 9 
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Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

5.6 
Cross-Agency Data and 
Metadata Management 

5.6.1 
Develop the observational data dissemination portal and data 

management plan coordinating conceptual models development 
(5.1) and data collection (5.8) 

0 1 2 3 6 

5.6.2 Develop a project library including project metadata and taxonomy 0 3 3 3 9 

5.7 
Comparison of Marsh 

Species -Phragmites and 
Spartina 

5.7.1 Flow resistance of Phragmites vs. Spartina (Manning’s coefficient) 1 2 3 2 8 

5.7.2 Evaluate species diversity, abundance, and population of birds and 
other wildlife in the presence of Phragmites 1 3 3 1 8 

5.7.3 Revise and recommend Phragmites management practices 
(coordinating with 5.7.1 and 5.7.2) 0 1 1 3 5 

5.8 
Pilot Project 
Identification, 

Implementation and 
Monitoring (Living 

Laboratory) 
 

5.8.1 Pilot project identification 1 3 3 3 10 

5.8.2 Pilot project implementation and monitoring (coordinating with 5.1 
and 5.6; time-demanding) 1 0 3 1 5 

5.9 
Evaluation of the 

Regulatory Process 
5.9.1 Research the existing regulatory framework, SAP requirements, 

and coordinate regulatory agencies 0 1 1 3 5 
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Agenda Task Brief Description 

Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

5.10 
Shoreline assessment for 
appropriateness of CGI 

Strategy 

5.10.1 Develop a mapping tool displaying possibilities for CGI integration 
into the NYC shoreline 0 2 3 2 7 

5.11 
Coastal Resiliency 

Benefits Quantification 
5.11.1 Develop a methodology for quantifying coastal resiliency benefits 1 2 3 2 8 

 

6.1 
Constructed Wetland 
Research Agendas 

6.1.1.1 Flow resistance evaluation of coastal wetlands and coastal and 
maritime (coordinating with 5.7.1) 

1 3 1 3 8 

6.1.1.2 
Numerical model improvement for interactions between vegetation 
resistance, flow conditions and vegetation properties (coordinating 

with 5.7.1 and 6.1.1.1) 

1 1 2 3 7 

6.1.1.3 
Numerical study of wave and surge reduction potential and how 
are they affected by vegetation properties and storm dynamics 

(coordinating with 5.7.1, 6.1.1.1, and 6.1.1.2) 

1 0 2 3 6 

6.1.2.1 Quantitatively assess resiliency of maritime forests and salt 
marshes (coordinating with 5.1.2) 

0 2 2 3 7 

6.1.2.2 Quantitatively assess the impacts of the highly urban settings of 
NYC on resiliency (coordinating with 5.1.2 and 6.1.2.1) 

1 1 2 3 7 
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Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

6.2 
Reef Research Agendas 

6.2.1.1 Quantify three-dimensional flow through complex reef units and 
improve the parameterization of bulk flow and wave dissipation 

1 3 1 3 8 

6.2.1.2 Optimize project attributes to maximize hazard mitigation and favor 
fish/shellfish abundance (coordinating with 5.1.4, and 6.2.2) 

1 1 3  1 6 

6.2.2.1 Examine monitoring criteria, critical impact factors, and adaptive 
management of reefs 

1 1 3 2 7 

6.3 
Dredged Channel 

Shallowing Research 
Agenda 

6.3.1.1 Search potential channel shallowing site and conduct numerical 
studies 

1 3 1 3 8 

6.3.1.2 Develop methods for valuing flood reductions 
1 3 1 3 8 

6.3.2.1 Develop numerical models for circulation and transport 
1 3 1 3 8 

6.3.2.2 Quantify the integrity of the restored habitats at a specific location 
0 1 1 3 5 

6.4 
Ecologically-enhanced 

Bulkheads and 
Revetments Research 

Agendas 

6.4.1 Define and standardize design rules for ecological enhancement 
1 3 3 2 9 

6.4.2 Structural Benefits of Marine Growth on Marine Infrastructure 
1 3 3 2 9 
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Agenda Task Brief Description 

Prioritization 

Fundam
ental 

principles 

C
hronology 

R
egional 

Applicability 

Affordability 

O
verall 

w
eight 

6.5 
Living Shoreline 

Research Agendas 

6.5.1.1 Develop a protocol for the monitoring and assessment of living 
shorelines 

1 2 3 3 9 

6.5.1.2 Define and standardize design guidelines for living shorelines 
1 3 3 3 10 

6.5.1.3 Evaluate the wave and current energy dissipation provided by 
various edge types using physical models and field studies 

1 0 3 1 5 
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