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With the simultaneous rise in coastal flooding risks projected by current climate

models and the escalating demands placed on urban infrastructure by population

expansion, there is an urgent need for resilient solutions to address these

challenges. In response, the adoption of nature-based solutions (NbS) and

natural and nature-based features (NNBF) has gained traction as promising,

cost-efficient approaches to bolster coastal resilience while offering additional

economic, social, and environmental benefits as compared with traditional “gray”

infrastructure. While progress has been made in developing and documenting

NbS and NNBF approaches for flood risk management globally, uncertainties

persist regarding their practical application and effectiveness in highly urbanized

coastal environments. Therefore, the objective of this study was to examine the

current understanding of NNBF for coastal resilience, providing insights into their

potential applications and opportunities in urban coastal settings. To meet this

objective, an NNBF principled approach was applied using the City of Boston

coastal storm risk management study as an illustrative example. The initial phases

of the NNBF guidelines framework was an effective means of organizing and

communicating information relevant to the identification and down selection of

NNBF alternatives for the region. This study provides valuable insights into the

challenges and opportunities of incorporating innovative NbS and NNBF

approaches for flooding risks in coastal urban regions.
KEYWORDS

natural and nature-based features (NNBF), urban coast, engineering with nature, flood
risk, coastal storm risk management
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1 Introduction

Highly urbanized coastal regions are facing unique infrastructure

challenges from a combination of population growth demands and

increasing risks from current projections of sea level change

(Nakamura, 2022). Managing the risk of storms is particularly

critical for coastal cities because they contain a concentration of

people and related built infrastructure and are often located at low

elevations, close to the coastline, and within the flood plains of large

rivers (Klonsky et al., 2016; McEvoy et al., 2024). To manage these

risks, a combination of solutions is being explored along the

continuum of conventional gray infrastructure to nature-based

solutions (NbS; USACE, 2013; Suedel et al., 2021). According to

Mace et al. (2012), NbS are intrinsically sustainable, enhance

ecosystem services (e.g., provisioning, regulating, habitat, and

cultural services), and provide other environmental, social, and

economic advantages (European Commission, 2021). As a type of

NbS, natural and nature-based features (NNBF) have gained

increasing traction as promising, cost-efficient approaches to bolster

coastal resilience while offering additional social, economic, and

environmental benefits. NNBF often consist of natural materials

such as sediment dredged from navigation channels (e.g., sand),

biomass (e.g., terrestrial and aquatic vegetation), and, to a lesser

extent, rock (Bridges et al., 2015, 2021a). However, there remain

numerous challenges to implement NNBF in practice, especially in

highly urbanized regions with competing demands and space

limitations. Therefore, there is a growing need for practical insight

and solutions using real-world case studies as examples to provide

additional data and other information to overcome these challenges.

The City of Boston, Massachusetts, USA is working with the

USACE New England District to develop a coastal storm risk

management (CSRM) study for five focus areas around Boston:

East Boston, Charlestown, Downtown/North End, Dorchester, and

South Boston. The study will incorporate long-term planning for

climate change mitigation using Climate Ready Boston (City of

Boston, 2016) and other recent coastal resiliency studies (City of

Boston, 2022) as a springboard. The role NNBF can play includes

managing coastal storm hazards by using existing, restored, or

enhanced natural infrastructure features such as vegetation, soils,

floodplains, and wetlands (Bridges et al., 2022). These natural

features are shaped over time through the actions of physical,

biological, geologic, and chemical processes operating in nature

and can naturally store precipitation and carbon, hold sediment,

and reduce coastal flooding (Bridges et al., 2015). A key benefit of

many NNBF is their ability to adapt to changing conditions with

minimal further human intervention. For example, in coastal

systems with adequate sediment and undeveloped land along the

coast, oyster reefs and salt marshes can change elevation with rising

sea levels (Altieri et al., 2013; Rodriguez et al., 2014; Kottler and

Gedan, 2020; Van Coppenolle and Temmerman, 2020). The

inherent adaptability and dynamism of NNBF that are shaped by
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nature can be key to developing a CSRM study design that if

implemented provides more resilient and sustainable infrastructure.

However, there remains much uncertainty as to the role NNBF can

be used in tandem with conventional infrastructure to provide

additional benefits.

In the USA, many NNBF for marine coastal risk management

involve creating, preserving, and/or restoring coastal marshes and

other shoreline vegetation (O’Donnell, 2017; Bridges et al., 2021a).

Coastal marshes dampen waves, trap sediments, and reduce storm

surges, all of which have the potential to reduce recovery costs

following flood events (Rezaie et al., 2020; Al-Attabi et al., 2023).

The type of vegetation, density, and the aerial extent of the vegetated

area are key predictors of wetland wave attenuation (Irish et al.,

2008; Hijuelos et al., 2019). Extensive stands of woody vegetation

such as trees and shrubs can provide the greatest reduction in wave

heights and runup with up to 20% reduction of over 40 meters

under extreme coastal conditions (van Wesenbeeck et al., 2022).

Coastal marshes also provide an array of ecosystem services beyond

flood risk reduction such as carbon sequestration, improvements in

water quality, fisheries support, and recreational opportunities

(Bridges et al., 2015; Pettengill et al., 2018).

Traditional approaches to managing coastal storm risks along

urbanized coasts consist primarily of hardened structures such as

culverts, seawalls, floodwalls, revetments, and concrete-lined

channels, among others. However, these hardened solutions are

designed to transport water as quickly as possible (Jones and

Macdonald, 2007), while the costs associated with maintenance,

modifications, and repairs of this traditional infrastructure under

future climate change scenarios are expected to increase (Morris

et al., 2020). Hybrid solutions, which incorporate a combination of

hardened features (e.g., seawall) with natural infrastructure features

(e.g., salt marsh), may enhance a coastal area’s ability to adapt to a

changing climate (Huynh et al., 2024).

Solutions to managing flood risk that include natural

infrastructure features utilize natural processes while delivering

ecosystem services (Schoonees et al., 2019). Coastal infrastructure

can be envisioned as a spectrum of solutions ranging from hardened

to fully natural (Figure 1). With substantial hardened infrastructure

already in place in coastal communities worldwide (Sempere-

Valverde et al., 2023), most opportunities to incorporate NbS into

infrastructure are expected to consist of greening the gray (e.g., see

Coombes et al., 2015; Firth et al., 2024) and employing hybrid

solutions (e.g., see Andersson et al., 2022). Features and solutions

incorporated into hardened infrastructure are considered green if

they perform as intended to enhance ecosystem services related to

the structure (Sutton-Grier et al., 2015; Pontee et al., 2016).

The objective of this study was to explore the application of

NNBF for coastal resiliency in a highly urbanized region through

the lens of NNBF initial adaptive management phases (Steps 1-4) as

provided in NNBF Guidelines (Bridges et al., 2021a, 2022), using

the City of Boston CSRM study as an illustrative example.
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2 Approach

2.1 Application of a natural and nature-
based features framework

Success in CSRM projects can be fostered by using a framework

that integrates NbS into the design of infrastructure planning and

engineering design, providing guidance on how NNBF fit into the

larger project development process. One such appropriate

framework is the International Guidelines on Natural and Nature-

Based Features for Flood Risk Management (Bridges et al., 2021a).

The Guidelines are based on two complementary frameworks: the

USACE NNBF coastal resilience framework (Bridges et al., 2015)

and the World Bank (2017) framework, which concentrates on

implementing nature-based flood protection measures (see also

Sayers et al., 2013). Collectively, these frameworks provide

complementary guidance for conducting infrastructure projects

that incorporate NNBF and therefore can serve as a road map for

incorporating NNBF designs into the City of Boston CSRM study.

The NNBF guidelines framework is composed of five phases:

scoping (blue), planning (green), decision-making (yellow),

implementation (red), and operations (purple), as represented by

the circular arrows in Figure 2. Within those five phases there are 11

steps that when combined are designed to better enable successful

NNBF project outcomes. The framework is designed to be iterative,

so when new information becomes available during a later project

phase, a previously completed phase can be revisited.

The framework as developed is sufficiently flexible to

accommodate USACE studies and projects that manage flood

risk. The flood risk management business line of the USACE

includes flood risk management in situations where the flooding
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source is primarily riverine and CSRM where the flooding source is

coastal waters (including the Great Lakes). The latter is described in

greater detail below as it can be integrated with the NNBF

framework. The first two phases (scoping and planning) and their

associated steps are presented briefly below as they relate to the

status of the City of Boston CSRM study. More details describing

the framework can be found in Bridges et al. (2021a, 2022).
2.2 Scoping (steps 1-2)

Scoping involves performing an initial assessment of project

needs and objectives, as well as identifying, organizing, and

meaningfully engaging stakeholders and partners to integrate

their local economic, social, and environmental knowledge into

the project design. The problem is also identified and defined

during scoping.

In step 1 (preparation), stakeholders and partners are identified,

organized, and assembled to define problems and objectives. In

steps 2a (establish analysis funding strategy) and 2b (establish

implementation funding strategy), funding strategies are

established for analysis and implementation. This includes

identifying funding mechanisms and cost estimates for planning

and engineering activities, design and implementation plans,

construction activities, monitoring and maintenance, and adaptive

management activities. While an NNBF funding strategy is initiated

in scoping, the funding process continues in decision-making and

concludes in implementation. The two intended outcomes of the

scoping phase are to engage stakeholders and the local community

early and often, and to identify the flood-related challenges and

encourage stakeholder commitment to actively support the project.
FIGURE 1

Nature-based solutions can be visualized as a spectrum of techniques ranging from greening gray infrastructure to natural infrastructure (from
Suedel et al., 2021).
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2.3 Planning (steps 3-5)

During the planning process, an improved understanding of the

existing system is generated, and NNBF alternatives that meet

project goals and objectives within that system are developed.

Subsequently, they are advanced from scoping to being

investigated, communicated, and rescoped (as needed) to acquire

the information and data needed to support decision-making.

Planning consists of steps that can achieve greater clarity

regarding the selected alternative and what type of NNBFs are

most appropriate for the project (i.e., greening the gray, hybrid,

prompted recovery, and natural infrastructure; Suedel et al., 2021).

As more data become available through activities such as studies,

testing, and modeling, the evaluation will transition from more

qualitative to more quantitative. Through a systems approach,

planning is advanced iteratively so that the most cost-effective

and practical NNBF-integrated solution is identified. As related to

USACE CSRM studies, in 2023 the USACE released ER 1105-2-103

(USACE, 2023), which included in Chapter 5 policies and guidance

specific to CSRM. Under this authority, USACE “may provide

federal assistance to manage risk to people, infrastructure and

associated resources located along the ocean, estuarine and Great
Frontiers in Ecology and Evolution 04
Lake coastlines from erosion, waves and inundation due to coastal

storms, along with abnormal coastal and lake flooding when such

projects serve the public interest.” (USACE, 2023).

During step 3 (determine risk), the existing system including

local and regional conditions is evaluated for hazard vulnerability

and flood risk. To do this, coastal and riverine models, such as

Advanced Circulation (ADCIRC), Adaptive Hydraulics (AdH), and

modeling tools (see examples in Bridges et al., 2018, 2021b) may be

needed. The modeling results offer a means of generating data that

can support the need for NNBF and highlight the potential

environmental, economic, and social benefits of the NNBF

alternatives under consideration.

Step 4, Assess NNBF and hybrid options, involves the initial and

iterative identification of NNBF options integrated with structural

measures that align with project objectives. This step typically

engages the multidisciplinary team in data gathering, stakeholder

and partner engagement, and workshops. The analysis associated

with this step includes determining the extent of NNBF use and

evaluating the NNBF or hybrid options. This step of the process

may include 1) evaluating the ability of an alternative to reduce

natural hazards and vulnerabilities of the systems to flood risk, 2)

how NNBF could be integrated as part of multiple lines of defense,
FIGURE 2

Framework phases and steps for implementing NNBF projects (from Bridges et al., 2021a).
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3) how NNBF interact with the geomorphology of the system, and

4) the ability of the system’s physical, biological, and chemical

processes to support NNBF in the context of CSRM.

Step 5, socioeconomic analysis, includes an evaluation of the

economic, social, and ecological costs and benefits of the NNBF or

hybrid options. Consideration of socioeconomic and ecosystem

services co-benefits is crucial for informing the selection of options,

whether they are structural, nonstructural, NNBF, hybrid, or

integrated. For CSRM studies, planning models are utilized to

support the appropriate economic and environmental analyses.

The two primary outcomes from planning are identified sources

of funding and agreed-upon benefits of implementing NNBF for the

system at risk. One outcome product would be an evaluation table

that identifies, weighs, and rates categories that can inform

numerical rankings for each alternative (see Bridges et al., 2021a

for a specific example). When project decision−making

requirements are considered, the results of the alternatives

analysis allow the high-priority NNBF alternatives to be identified

for further deliberation in step 6 (decision-making).

The following case study presents information developed

during the planning and scoping phases of the East Boston

CSRM study with particular emphasis on considering multiple
Frontiers in Ecology and Evolution 05
lines of defense and how they could be integrated and visualized

into a cohesive whole for reducing flood risk in the area.
3 Results and discussion

3.1 Case study: city of Boston, USA

Boston is a coastal city with substantial built infrastructure and

ecological resources that faces challenges because it is vulnerable to

sea level change (Figure 3). These threats could disrupt

transportation networks, strain utilities, and compromise the

reliability of essential services (City of Boston, 2016). Since 1991,

Boston has experienced 21 events that triggered federal or state

disaster declarations (City of Boston, 2016). By 2050, Boston is

faced with up to 0.45 meters of potential sea level rise and the area at

risk of a 1% annual exceedance probability could expand to include

over 2,000 buildings, representing $20 billion in real estate value

(City of Boston, 2016). Until recently, Boston had primarily used its

zoning power to allow new development along an already

vulnerable coastline, and the newly developed buildings have

become some of the most vulnerable (Fitzgerald and Hobbs,
FIGURE 3

City of Boston, MA USA study area indicating transportation infrastructure, flooding risks, and ecological resources. Note: Data sourced from
MassGIS (2025). Sections delineated as areas of critical environmental concern are regions that receive special recognition due to the significance of
their natural and cultural resources. The flood hazard layer represents the current effective flood risk data where maps have been modernized by
Federal Emergency Management Agency (FEMA) for a 1 percent annual chance flood event.
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2022). Consequently, extreme weather events (e.g., nor’easters and

hurricanes) have the potential to cause significant damage to

Boston’s waterfront areas, infrastructure, and communities. For

example, Winter Storm Grayson caused historic flooding

throughout the city when it hit on January 4, 2018. Floodwaters

reached new highs in Boston Harbor, and future storms could

produce similar floods (Nordio and Fagherazzi, 2023).

Boston’s coastal ecosystem includes salt marshes and other

wetland and wildlife habitats. Sea level change, increased water

temperatures, and ocean acidification have the potential to impact

this ecosystem’s biodiversity, fisheries, and recreational resources.

Addressing these interwoven challenges has required a

comprehensive and multidimensional approach (City of Boston,

2017, 2022; Fitzgerald and Hobbs, 2022). Planning for coastal

resilience in Boston began a decade ago with several overlapping

planning efforts. In 2014, Boston joined the 100 Resilient Cities

program and in 2017 the city released its resilience strategy

(Woodruff et al. , 2021). Boston also prepared its first

comprehensive plan in 50 years, releasing Climate Ready Boston

in 2016. This comprehensive plan included a citywide climate

change vulnerability assessment, updated climate projections, and

an outline of strategies to address extreme heat, stormwater

flooding, and coastal flooding from sea-level change and storms

(City of Boston, 2016).

USACE CSRM studies are initiated through partnerships

between the federal government and non-federal entities to

manage storm risks and sustain our nation’s coastlines by

predicting impacts from future storm systems, sea level change,

and shoreline fluctuations to inform mitigation options. These

studies develop and evaluate CSRM alternatives that manage risk

and offer coastal resiliency for residents, industries, businesses, and

infrastructure. CSRM often includes layered solutions executed by

non-federal sponsors, federal agencies, local agencies, and/or non-

governmental organizations (NGOs). Collaborators may include

the National Planning Center of Expertise for CSRM, local USACE

Districts, states, cities, and NGOs. As NNBF are intended to interact

with the environment and society in different ways as compared to

traditional approaches, values of stakeholders in the design,

planning, and implementation phase are important to capture

specific regional needs (Yamanaka and Nakagawa, 2022). The

purpose of this case study is to provide context and an illustrative

real-world example of how NNBF can help inform the existing

CSRM scope to inform future design and implementation.

3.1.1 Step 1: preparation
In Boston, the initial scoping phase explored the potential

application of NNBF for the city’s coastal storm and flood risk

challenges through NbS. The initial step was engagement with a

multidisciplinary group of stakeholders and partners to

collaboratively define the problems and objectives. Specifically,

this step directs practitioners to: 1) identify, organize, and

assemble the necessary stakeholders and project partners, 2)

define problems, 3) outline the broader system of environmental,

urban, and social factors involved, 4) identify opportunities and
Frontiers in Ecology and Evolution
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constraints in the local context, 5) establish goals based on these

identified objectives, and 6) develop a vision that incorporates the

po t en t i a l f o r NNBF to in co rpo ra t e fo r flood r i s k

management objectives.

Highly urbanized regions face additional challenges to

implementation including social pressure, government policy and

regulation, and key stakeholder ‘buy in’ (Sarabi et al., 2019).

Therefore, this step in the process is particularly crucial for urban

environments that have a large diverse group of stakeholders. In this

case study as discussed below, the focus was specifically aimed at

identifying examples of NNBF features incorporated into other

studies that supported CSRM goals. Therefore, the preparation step

will focus on results from stakeholder engagement and

opportunities and constraints in the local context.

3.1.1.1 Stakeholder engagement

To explore NNBF opportunities in the study area, engagement

included a wide spectrum of stakeholders, ranging from NGOs,

Federal, state, and community groups. The NGOs were dedicated to

fostering regional collaboration, facilitating community

engagement, and driving planning options and communication

for the region and its surrounding neighborhoods. Specific goals

of this engagement were to explore: 1) opportunities to maintain,

restore, or improve shoreline and nearshore aquatic resources in

conjunction with CSRM features, 2) opportunities to improve

recreational uses through multi-use spaces (e.g., harbor walk,

green spaces) in conjunction with CSRM features, and 3) explore

gray green (or Nbs) alternatives where space constraints were an

impediment to NNBF implementation. A technical team was

responsible for collecting and interpreting data, designing studies,

and translating and conveying technical information to the broader

group. This was achieved through multiple approaches, including

in-person stakeholder meetings, attendance of local scientific

conferences, podcasts, and gray literature (e.g., Suedel and

McQueen, 2022). These stakeholders contributed diverse

perspectives to the decision-making process to ensure tailored

and desired solutions.

Ecosystem services in the Boston region are supported by a

variety of habitat types including salt marshes, freshwater coastal

wetlands, beaches, estuarine habitat, oyster beds, eelgrass (Zostera

marina) habitats, tidal flats, estuarine habitats, and “core habitats”

that sustain species of conservation concern (MassGIS, 2025).

Collectively, ecosystem services in the greater Boston area have

been valued to range from 30 to 100 billion USD (Jin et al., 2018).

Yet, in some cases these ecosystem services are threatened by the

projected sea level change (e.g., salt marsh habitats; Alemu et al.,

2024). Outcomes from the stakeholder engagements helped identify

target ecological goals from NNBF that aligned with the Climate

Ready Boston coastal resiliency plans (City of Boston, 2016), which

includes enhancing biodiversity and habitat connectivity, balancing

urban and natural areas, interconnecting greenways with

communities, and expanding and restoring natural systems (e.g.,

living shorelines, salt marshes, wetlands, urban tree canopies)

(Suedel and McQueen, 2022).
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3.1.1.2 Problem formulation

To fully understand the associated regional risks, it is essential

to consider not just the storm events themselves but also the unique

drivers and stressors that amplify their impact in the Boston region.

One of the key stressors is the historical modification of Boston

Harbor’s coastline, which was extensively filled in during the 19th

and 20th centuries to support maritime navigation, trade, and later

urban development. This expansion hardened much of the

shoreline and occurred without foresight into future sea level

changes, making many of these areas particularly vulnerable to

flooding and permanent inundation over time. Additionally, Boston

Harbor is a federal navigation project with multiple deep-draft

channels, such as the Reserve Channel and Mystic River, which are

critical to New England’s largest port but also create pathways for

storm-driven water intrusion.

Another critical stressor is Boston’s extreme tidal range, which

experiences a 10-foot (3 m) tide swing, exposing large portions of

the inner harbor bottom at low tide while necessitating an extensive

floating waterborne transport infrastructure system. This dynamic

tidal fluctuation increases the complexity of flood risk management,

particularly under varying sea levels. Importantly, Boston’s flood

risk is primarily inundation-driven rather than wave-driven. Unlike

many coastal regions where storm waves cause significant erosion

and structural damage, Boston faces a growing threat from rising

water levels alone. Future projections indicate that what is currently

considered a 1% annual exceedance probability flood event in 2025

could become a 10% annual exceedance probability flood event by

2090 (Woods Hole Group, 2023), underscoring the escalating flood

risk due to climate change.

These stressors collectively exacerbate the effects of coastal

storms, placing critical infrastructure—including roads, public

transportation systems, and emergency evacuation routes—at

heightened risk. As sea levels rise and inundation events become

more frequent, Boston’s resilience strategies must account for these

unique challenges, integrating adaptive infrastructure solutions that

mitigate long-term vulnerabilities while maintaining the

functionality of its vital coastal port and urban landscape.

The surrounding communities are already experiencing an

increased threat to mobility and safety during more severe storm

events. Additionally, the developed setting creates a tipping point

for further flood damage due to the pathways flood waters can take

through existing roads, paths, and passages between buildings

(flood pathways). Flood hazards to the community include risks

to critical infrastructure, evacuation routes, public transportation

systems, and electric utilities (Woods Hole Group, 2023). Urban

coastal marshes around Boston (e.g., Belle Isle Marsh), face

significant challenges due to urban development, artificial fill,

stormwater outfalls, and sea level change (Suedel and McQueen,

2022; Woods Hole Group, 2023; Alemu et al., 2024). These human

impacts have led to the degradation of the marsh and a decline in its

habitat value, and the situation is expected to worsen in the future.

Under a 0.3 to 0.9 m of sea level change scenario, the last and largest

remaining saltmarsh in Boston (Belle Isle Marsh) would be expected

to transform from what is currently high marsh habitat into open

water and mud flat habitat (City of Boston, 2016; Massachusetts
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Office of Coastal Zone Management, 2022; Woods Hole Group,

2023), thus reducing the habitat value and ecosystem services

currently provided.

There are numerous challenges to implementing NNBF in urban

coastal regions. For example, the lack of space is a key limiting factor

in the Boston CSRM study area largely due to existing built

infrastructure. In addition, the presence of legacy hardened flood

infrastructure such as steel sheet pile bulkheads may limit NbS

opportunities; to the extent this existing infrastructure can be

enhanced or modified to integrate NNBF, these alternatives should

be considered to enhance the value of these otherwise gray structures.

Local hydrodynamic conditions such as the presence of deep water,

high tides, and a long fetch across Boston Harbor pose challenges to

any infrastructure designed to manage flood risk in the study area.

The lack of experience designing, funding, and monitoring NNBF

may also hinder their application (Kelso et al., 2024). Additionally,

there remain many uncertainties related to long-term efficacy for

managing flood risks that limit their ability to be upscaled and

transferred to different regions (Ruangpan et al., 2020).

3.1.2 Step 2: establish funding strategy
Establishing a funding strategy is critical for planning and

implementing urban CSRM. In Step 2, funding streams are

explored and identified to find the best series of funding

mechanisms that can provide measurable impact to CSRM. In

Boston, funding for the CSRM comes from a combination of

federal appropriations and contributions from non-federal

sponsors. For the Boston CSRM projects, the City of Boston is

the non-federal sponsor and will be financially contributing to this

effort. Across the United States and within Massachusetts, many

programs offer grants to study, plan, and implement coastal

resiliency projects. For example, the Coastal Resilience Grant

Program managed by the Massachusetts Office of Coastal Zone

Management (CZM), and the Municipal Vulnerability

Preparedness (MVP) grant program offered by the Massachusetts

Executive Office of Energy and Environmental Affairs. Both grants

provide support for cities and towns within Massachusetts to begin

the process of planning for climate change resiliency and

implementing priority projects. Between 2018 and 2025

approximately $72.8 million of funds were distributed and

approximately $37 million will be made available in 2025 to fund

nature-based inland flooding resiliency projects (Executive Office of

Energy and Environmental Affairs, 2024).

The operation and maintenance associated with NNBF is a

critical factor to integrate into the long-term planning from the start

of the project (Bridges et al., 2021a). Because many aspects of NNBF

are dynamic over space and time, monitoring and adaptive

management are essential for the success and should be included

up front. This approach allows for adjustments over time based on

performance data, ensuring that project objectives are being met

and long-term strategic goals are achieved. Therefore, planning for

performance monitoring is critical to guide these management

decisions. The growing global implementation of NNBF solutions

is helping to improve understanding, in terms of long-term

performance and costs as engineers and scientists continue to
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share data and lessons learned from these infrastructure projects

(Bridges et al., 2021a).

3.1.3 Step 3: determine risk
Managing storm risk is particularly critical for coastal cities

because they contain a concentration of people and built

infrastructure and are often located at low elevations, close to the

coastline, and within the flood plains of large rivers (Klonsky et al.,

2016). The primary flood risks in this scenario are from inundation

and to a lesser extent wave energy impacts. Two recent examples

contributing to such flood risk in the Boston area were winter storms

Riley (March 2018) and Grayson (January 2019). Inundation occurs

when rising water levels from storm surges, extreme tides, or heavy

rainfall flood coastal areas, threatening infrastructure, disrupting

utilities, and endangering public safety (e.g. see flood prone regions

in Figure 3). The frequency, depth, and duration of inundation can

increase with sea level change and the subsequent prolonged flooding

can cause economic losses and degrade ecosystems.Wave energy risks

stem from powerful storm-driven waves that erode shorelines, damage

coastal structures, and disrupt sediment transport. While inundation

primarily impacts low-lying areas through flooding, wave energy

causes direct physical damage to both built and natural infrastructure.

Urban areas have many impervious surfaces, such as concrete

and asphalt, which prevent rainwater from being absorbed into the

ground. Instead, water quickly runs off these surfaces and

accumulates in low elevation areas. Stormwater runoff can then

overwhelm drainage systems, which may be inadequate to

compensate. Changes to stream channels resulting from urban

development can also limit their capacity to safely discharge

floodwaters (Klonsky et al., 2016; Sandink and Binns, 2021). The

risk of flooding in each city differs according to climate, soil

conditions, regional hydrology, and the use of flood management

approaches and technologies (Sandink and Binns, 2021).

A challenge that all cities, but especially coastal cities, face is

protecting critical infrastructure. Critical infrastructure includes

healthcare facilities, emergency services, transportation routes,

government facilities, and water and wastewater facilities (e.g.,

Figure 3). These community assets are often located in densely

populated areas and are expensive to move, even if there is space

available to move them. Flooding, including frequent flooding

events, can disrupt the services provided daily by critical

infrastructure, such as public transportation, emergency response,

and water and wastewater treatment. As an example, Boston’s I-90

and Route 1A are transportation routes within areas at risk of

flooding during large events (City of Boston, 2016). Yet, both are

critical for safe evacuations. Massachusetts Bay Transportation

Authority Blue Line stations and a Silver Line station are also

projected to be impacted by future flood extents and are relied upon

by roughly 14,000 individuals daily. Leaving critical infrastructure

vulnerable to flood risks may result in slower emergency response

during more severe flooding events.

The risks of flooding for cities include property damage, flood

related injuries, and loss of human life. Urban flooding can also lead

to sewage backing up, and overflows from combined sewers into

surface water bodies, which creates a public health hazard (Sandink
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and Binns, 2021). Despite the flooding risks, coastal cities continue

to experience increases in population size and coastline

development (National Research Council, 2014; Klonsky

et al., 2016).

There are also substantial competing demands and space

limitations in highly urbanized areas, both inland (e.g.,

commercial and residential development, waterfront access and

industrial port development) and in-water (e.g., navigation, offshore

energy). This likely remains one of the key risks and barriers to the

success of NNBF in Boston. NNBF that could potentially be used to

manage flood risk, such as urban marshes, face seaward pressure

from sea level change and inland pressure from urban development

and population growth (Woods Hole Group, 2016). These twin

pressures, combined with the high value of coastal property, create a

need to use the most space-efficient measures to reduce flood risks

and encourage the concept of bolstering existing marsh habitats

(e.g., Belle Isle Marsh) to reverse their declining trajectory (Woods

Hole Group, 2022).

Existing urban infrastructure and zoning regulations add a layer

of complexity to resilience planning in cities like Boston. Balancing

growth of infrastructure in flood-prone areas and/or relocating

assets out offlood zones present significant challenges. For example,

roadways are large expanses of impervious surface that can increase

flood risk but are difficult to relocate or replace because of costs and

their criticality as transportation corridors. In other cases, roads can

be elevated to create a barrier to coastal flooding or raised on a piled

causeway to allow marsh migration and habitat connectivity

underneath, hence avoiding road closures during flooding events.

Airports may place constraints on applications of NNBF that attract

wildlife due to the risk of collision between birds and aircraft and

are often protected by traditional flood risk management

infrastructure. However, for Boston the Federal Aviation

Administration along with the state of Massachusetts has

balanced this for >50-years in Belle Isle Marsh. In addition, a

matrix of public and private land ownership on coastal property can

limit the size and type of NNBF-based CSRM solutions that can be

used, making less spatially expansive traditional infrastructure the

frequent space-saving alternative of choice, although in our

experience space-saving green-gray designs are seldom considered.

3.1.4 Step 4: assess NNBF and hybrid options
NNBF integrated into hybrid or green-gray infrastructure

designs can be effective for supporting coastal resilience and

promoting risk reduction (Bridges et al., 2015). Assessing the

types of NNBF appropriate for a particular application is

contingent upon problem formulation and the stressors that drive

flood risk. Selection criteria should be both practical and

performance based. Key considerations should include the extent

to which a proposed solution addresses the target hazard or stated

goal, such as wave attenuation, inundation, or habitat enhancement.

Feasibility is equally critical to address for determining if the design

is constructible within physical, logistical, and legal constraints.

Regulatory viability is another factor, especially where habitat

conversion poses permitting challenges. Finally, cost comparisons

and long-term operation and maintenance requirements must be
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evaluated to ensure the solution is sustainable beyond

initial implementation.

A key benefit of NNBF is the dynamic way that natural elements

can respond to changing environmental conditions, such as relative

sea level change, without human intervention (Bridges et al., 2021a;

Kurth et al., 2024). In addition, NNBF can reduce flood risk while

providing environmental, social, and economic benefits to local

communities (Davids et al., 2024; Kurth et al., 2024). These

strategies can be employed alone or in combination with other

structural and non-structural measures; each measure has

associated challenges and benefits. One effective way to

cumulatively reduce risk is to implement CSRM measures across

multiple coastal zones (e.g., nearshore and intertidal) that can

provide multiple lines of defense (Figure 4).

The following sections provide descriptions and regional

context to NNBF in the offshore, nearshore, intertidal, and inland

zones and down-select features that provide the best alignment with

the CSRM goals.

3.1.4.1 Offshore NNBF and hybrid design

In highly urbanized regions like Boston, features in the offshore

area that are not impeded by existing designated uses (e.g., federal

navigation channels) may provide unique opportunities because

they often do not have the same challenges with competing space

demands as inland features. However, the tidal range and nearshore

bathymetric profile are key considerations affecting NNBF design

and feasibility. Breakwaters are offshore features that occur between

open water and the shoreline and are designed to break waves,

reduce erosion, and promote sediment accumulation landward of
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the structure, similar to natural reefs (Chasten et al., 1993). As

waves break against the structure, their energy is dissipated, calming

the waters on the shoreward side of the breakwater and reducing the

direct impacts on the shoreline, thus reducing storm risk (USACE,

1989a; Chasten et al., 1993; Elsheikh et al., 2022).

Scientists and engineers are increasingly incorporating

ecological elements (fish spawning substrate, living biota,

vegetation, bird habitat, and woody structures) into breakwaters

(e.g. living breakwaters) to provide additional benefits (Bassett,

1994; O’Donnell, 2017; Cohen et al., 2021). Simple elements such

as spacing of segmented structures, designed elevations, and the

incorporation of target habitat can be included in breakwater

designs to reduce risk while simultaneously promoting additional

ecological benefits (Cohen et al., 2021). Living breakwaters can be

engineered within urban areas such as Boston to fit site constraints

while providing ample ecological habitat. For example, the Five

Sisters segmented breakwater is located 300 meters offshore of

Winthrop Beach in Winthrop, Massachusetts, and provides

erosion protection and sand deposition along the beach

(FitzGerald, 1984; Chasten et al., 1993). This beach, which has

increased in size due to the sand deposition enabled by the

breakwater, not only protects neighboring communities but also

provides recreational opportunities and habitat to threatened and

endangered shoreline birds such as least terns (Sternula antillarum),

piping plovers (Charadrius melodus), and American oystercatchers

(Haematopus palliatus; Winthrop Shores Reservation, 2020). In

another example, following Superstorm Sandy, a large living

breakwater system was designed in Staten Island, New York to

provide erosion protection and ecological enhancement. The
FIGURE 4

Conceptual diagram of the continuum of NNBF from inland to offshore that can serve as multiple lines of defense for reducing coastal storm risk in
urban environments. Note: Feature label format indicates the primary function or mechanism for flood risk reduction.
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system is comprised of nine breakwaters with over 900 linear meters

of reef ridges (Tschirky et al., 2018) and contains three types of

breakwaters: low breakwaters for shallow water, tighter-spaced

breakwaters for critical infrastructure, and large breakwaters in

deeper waters to protect against dominant wave direction and allow

for sediment transport (Tschirky et al., 2018). The system

incorporates various ecological features such as tide pool and

ECOncrete® units to create a more diverse aquatic ecosystem

(Tschirky et al., 2018).

Like breakwaters, reefs—both natural and artificial—reduce

coastal storm risks through wave attenuation and erosion

reduction, with the degree of protection depending on their

design and position relative to the shoreline. For this discussion,

breakwaters are operationally defined as engineered continuous

structures built at or above the waterline that are often multi-

layered with the primary goal of reducing wave impact and

stabilizing shorelines.

In contrast, reefs (engineered or natural) are usually submerged

or intertidal and more often are modular or non-contiguous. Reefs

can occur across the shoreline continuum including offshore,

nearshore, or intertidal areas. In addition to providing shoreline

protection, reefs offer habitat and foraging areas for aquatic species

(O’Donnell, 2017). Investigators have observed improved water

quality and significantly greater abundance, biomass, species

richness, and diversity at the oyster reefs when compared to

offshore habitats where these features are absent (O’Donnell,

2017; Ayvazian et al., 2020). In New England, natural oyster reefs

are largely gone; however, non-profits such as The Nature

Conservancy are working to protect and enhance existing reefs by

planting oysters in restoration sites in Nasketucket Bay and Buzzard

Bay with goals to provide habitat and protect the coast from erosion

and storm surge (The Nature Conservancy, 2019; Pereira, 2024).

While there is an opportunity to utilize offshore features such as

living breakwaters and reefs as lines of defense against wave energy

and promote valuable ecosystem services, they do not address the

primary risk driver of coastal flooding through inundation for this

region. Therefore, offshore measures are not the highest priority in

the Boston CSRM study.

3.1.4.2 Nearshore NNBF and hybrid design

Nearshore areas are ideal targets for CSRM in urban regions

with competing space demands, as they can utilize aquatic and

wetland plant habitats to absorb waves and reduce shoreline

erosion. Shallow water provides habitat for a wide range of

aquatic organisms including submerged aquatic vegetation (SAV)

and oyster reefs (as discussed above). The shallow water within

Boston Harbor and Broad Sound contains 11 mapped populations

of SAV (eelgrass) and more areas within the harbor are continuing

to be restored with eelgrass (Evans et al., 2018; Massachusetts

Department of Environmental Protection, 2023). Increasing the

total amount of SAV and emergent vegetation across the harbor and

shoreline can be used to dissipate wave energy (Irish et al., 2008;

Zhang et al., 2020). Irish et al. (2008) found that SAV can reduce

wave amplitude by up to 5% per one meter of SAV habitat; likewise,

emergent vegetation can reduce wave energy by up to 0.2-28% per
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one meter of vegetation. Energy from small amplitude waves has

been observed to fully dissipate in extensive wetland complexes

when waves travel 30 meters through stands of emergent vegetation

(Irish et al., 2008). These areas can store excess water during heavy

rainfall events, facilitate nutrient cycling, attenuate wave energy,

stabilize sediment, and provide a blue (i.e., oceanic or coastal)

carbon sink (Schaffer-Smith et al., 2018). This suggests that in areas

where offshore wave attenuation is not feasible or permittable, then

nearshore emergent wetland habitat and SAV can be established to

dampen waves and reduce wave energy impacting hardened coastal

infrastructure. Yet, it should be noted that as the presence and

density of submergent and emergent aquatic beds (e.g., SAV beds) is

dynamic and therefore there is added uncertainty that needs to be

addressed in the “multiple lines of defense” design.

Floating wetlands are particularly well-suited for urban and

industrial areas with limited space for traditional land-based

infrastructure to manage flood risk. Floating wetlands often consist

of coconut fiber mats planted with wetland vegetation which can

absorb waves, improve water quality, decrease pollutant

concentrations, provide aquatic habitat, lower algae biomass, and

enhance biodiversity (Bi et al., 2019). Researchers found that the

more vegetation on the floating wetland, the greater the wave

absorption benefit achieved (Hibbert, 2023). This innovative

approach is being tested using laboratory experiments and a

prototype in Boston, known as “Emerald Tutu,” as a system of

interconnected circular mats of floating wetlands to protect Boston’s

urban coast from storms and sea level change (Hibbert, 2023).

Current laboratory and modeling results show that the

interconnected wetlands should diminish short waves by up to 90%

of their original height, with effectiveness decreasing as wavelength

increases (Emerald Tutu, 2023). While the study found that

effectiveness decreased with increasing wavelength, wave absorption

did not drop to zero until the waves reached the combined size of the

interconnected wetlands (Emerald Tutu, 2023).

In Provincetown, Massachusetts, USACE is conducting a study

that quantifies the reduction of wave energy to local and regional

shorelines by deploying vegetated floating canopies. The floating

platforms were designed to meet desired wave conditions with the

size and shape of the platform determining the amount of wave

attenuation (USACE, 2022). Advanced sensors and surveys are

being employed to measure wave dissipation and refraction. By

integrating these observations into numerical models, the project

aims to inform enhanced future deployments of vegetated canopies.

The floating vegetation canopy project is anticipated to achieve

operational and cost efficiencies, establish new ecological habitats,

and contribute to a more climate-resilient shoreline protection

solution (USACE, 2022). While these studies are still ongoing, the

research indicates that interconnected vegetated floating wetlands

could offer improved attenuation of coastal storm wave energies

depending on the desired wave conditions and the space available

for installing floating wetlands. However, these nearshore NNBF

features (SAV restoration, floating wetlands) do not address the

primary risk driver of coastal flooding through inundation for this

region. Therefore, these nearshore options are secondary when

managing flood risk in the Boston CSRM study.
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3.1.4.3 Intertidal NNBF and hybrid design
3.1.4.3.1 Wetland restoration

Many NNBF are designed and implemented within the

intertidal zone (Bridges et al., 2015). A major focus of CSRM

studies that incorporate NNBF is the creation or restoration of

wetland habitat such as salt marshes due to their ability to absorb

stormwater, dampen waves, trap sediment, and support

biodiversity. Studies show that marshes can reduce wave runup

by a median of 40 centimeters (cm) and wave height by a median of

35 cm in comparisons to an unvegetated mudflat (Taylor-Burns

et al., 2023). It should be noted that wave attenuation is highly site-

specific, influenced by various environmental and structural factors.

Key variables include wave height relative to water depth, the ratio

of wavelength to the width of the NNBF element, and the frictional

and blockage effects provided by the feature (e.g., vegetated

features) (Li et al., 2023; Ma et al., 2023; Tao et al., 2025). These

factors collectively determine the effectiveness of wave energy

reduction. Moreover, the required degree of wave attenuation

should be tailored to the specific resilience study objectives.

Complete elimination of wave energy is often unnecessary;

instead, the goal is to reduce wave heights below thresholds that

cause erosion or flooding. Establishing clear, site-specific wave

attenuation targets is essential for the evaluation, implementation,

and effectiveness of NNBF solutions.

In Boston and throughout Massachusetts, there are numerous

opportunities to leverage intertidal NNBF for managing coastal

storm risk by protecting, enhancing, and expanding existing marsh

complexes that protect coastal communities. The Rumney Marsh

Reservation and Belle Isle Marsh Reservation, totaling 384 ha of

intact marsh around Boston, are critical habitats that offer storm

surge energy and flood protection. Other features in this region

include shrub-scrub wetlands and cranberry bogs.

Studies are needed to improve understanding how these

threatened coastal marshes can adapt to rising sea levels. Not all

marsh systems can keep pace with changing sea levels; however,

research shows that marshes with high rates of organic production

or inorganic sediment delivery can maintain their elevation even

with relatively high rates of sea level change (Hein et al., 2024).

Marshes can be created on levee slopes or enhanced through

methods such as thin-layer placement (TLP) of dredged material.

A living levee is a hybrid design that combines a traditional levee

core with a wide, vegetated slope that can be designed to support

wetland habitats. By using a gradual ecotone slope (e.g., 10:1 to

50:1) planted with native wetland species, it can reduce flood risk

while restoring ecosystems and allowing for landward habitat

migration if sea levels rise (Bridges et al., 2021a).

Due to the highly altered hydrology of urban marshes, sediment

delivery can be hindered and impact the long-term maintenance

needs of these features (Woods Hole Group, 2023). These systems

rely on natural physical processes—such as tidal exchange, riverine

sediment delivery, and organic matter accumulation—to maintain

their elevation relative to sea level. Where such processes are

diminished or disrupted, NNBF may require ongoing sediment

augmentation to maintain elevation and functions. In this case, TLP

can be used to ensure the marshes keep pace with sea level change
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(Piercy et al., 2023; Raposa et al., 2023). For example, Raposa et al.

(2023) conducted an comprehensive experiment using TLP to uplift

marsh habitat at eight National Estuarine Research Reserves across

the United States. The study found that after three years there was

minimal adverse impacts to marsh vegetation between 7-cm depth

plots and 14-cm depth plots and that following placement,

vegetation rapidly established in both high and low marsh

environments (Raposa et al., 2023). Overall, while results varied

by system, the study found that TLP can serve as an effective climate

adaptation strategy in a coastal marsh landscape (Raposa et al.,

2023). While there remain uncertainties and constraints related

such to TLP applications, guidelines are available to inform

implementation that were developed through multi-year

collaborations between several agencies (e.g., federal, state) and

industry partners to provide practical recommendations supported

by case studies and lessons learned (Piercy et al., 2023). These

practical guidelines reduce the uncertainty and thus offers an

opportunity to evaluate TLP as risk management measure in the

Boston CSRM study. Adequate planning, long-term monitoring,

operations, and maintenance can be obstacles to successful NNBF

implementation due to funding and resource limitations.

3.1.4.3.2 Sills, enhanced tide gates, and living seawalls and
levees

Other intertidal NNBF include living seawalls, sills, and

enhanced tide gates (Figure 4). In an urban environment with

limited space, a traditional floodwall or seawall would occupy

minimal space by itself, yet both could be designed, modified, or

repaired as hybrid NNBF solutions. Living seawalls are a hybrid

solution that can be retrofitted to an existing seawall to create

complex surface designs inspired by nature, such as oyster walls.

While this concept is relatively new, living seawalls are currently

being studied for their effectiveness in Sydney Harbor, Australia,

and East Boston, Massachusetts (Bishop et al., 2022; Living

Seawalls, 2024). Researchers in Sydney Harbor have found that a

variety of living seawall designs can be used to provide different

microhabitats while effectively mitigating coastal flood risk (Bishop

et al., 2022).

Marsh grasses or SAV planted in front of seawalls can attenuate

wave energy, reduce erosion, and provide ecosystem services (Lee

and Nepf, 2024). Studies performed in Juniper Cove, Massachusetts,

showed that the reduced wave height achieved by marsh vegetation

planted in front of a seawall allows for a lower seawall height while

maintaining the same level of coastal flood defense (Lee and Nepf,

2024). Rosenberger and Marsooli (2022) also determined that if

combined with marsh vegetation, a smaller seawall could be

designed while still maintaining the reliability of the structure.

Applied in this manner, NbS would provide reduced flood risk

(Vuik et al., 2019) and wave loading on the structure (Vuik et al.,

2019; Ostrow et al., 2022; Rosenberger and Marsooli, 2022; Marin‐

Diaz et al., 2023), while providing environmental and community

benefits (Federal Emergency Management Agency, 2022).

Enhanced tide gates and sills can provide multiple engineering

and other benefits, including reducing saltwater intrusion, buffering

wave energy, and improving coastal resilience. An enhanced tide
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gate is a modified version of a traditional tide gate designed to

improve hydraulic performance, ecological connectivity, and

resilience to sea level change and storm events (Suedel et al.,

2023). Design considerations for enhanced tide gates include

controlled tidal flow, adjustable valves that respond to storm

conditions, fish passage support, and improved natural sediment

flows into the design basis (see examples in Bridges et al., 2021a).

These structures could help regulate water flow, protecting

upstream ecosystems from excessive salinity while maintaining

tidal exchange. Additionally, they support habitat enhancement

by allowing fish passage and promoting the health of aquatic

ecosystems (Suedel et al., 2023).

Living levees combine traditional flood protection with ecological

restoration, providing structural resilience, environmental, and social

benefits. By incorporating native vegetation, living levees enhance

carbon sequestration, improve water quality, and promote habitat

connectivity. Additionally, they adapt over time, increasing their

effectiveness in response to changing environmental conditions. In

Eastwick, PA a 1,400 foot long (427 m) living levee was designed to

address intertidal and other types of flooding in a low-lying area

around Cobbs Creek. The levee, designed as a 15-foot tall (4.6 m)

earthen-berm embankment, aims to reduce flood risk to the

community from a 1% annual exceedance probability while

improving river connectivity, preserving to the extent possible

previously restored wetlands, minimizing impacts to existing

riparian forest habitat, and minimizing the overall levee footprint

while minimizing impacts on community cohesion in this residential

neighborhood (King et al., In Press). Given the space restrictions for

designing and implementing NNBF in the dense urban environment

within the Boston CSRM study area, designs incorporating NNBF

should carefully consider these realities. As many of these intertidal

features address the primary risk driver offlooding from inundation in

a space-constrained and developed coastal environment, these

measures will be considered for further evaluation going forward as

possible NNBF for managing flood risk.

3.1.4.4 Inland NNBF and hybrid design

Due to intense competing demands on limited space in built

coastal environments, there are significant challenges and

limitations to implementing inland NNBF. This is primarily due

to the relatively small footprint and scale of benefits offered within

the space. However, some NNBF have been identified in past

projects that may be viable for Boston; such projects are

predominately associated with green stormwater management.

Regional stakeholders are increasingly interested in green

stormwater management. For example, the City of Boston

developed the Boston Green Infrastructure Planning and Design

Handbook as a guide for implementing green infrastructure

techniques to manage stormwater across the city (Boston Water

and Sewer Commission, 2022). However, stormwater management

is outside the authority of the CSRM study and is a separate piece of

the coastal resiliency plan for Boston. Nonetheless, this approach to

stormwater management is often a useful strategy that when

combined with the other alternatives mentioned above can be

used as complementary measures to reduce coastal storm risk.
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Green stormwater management includes a series of measures

such as green parks, rain gardens, bioswales, permeable

pavements, rainwater harvesting, downspout disconnection,

planter boxes, and green roofs (USACE, 2021). Zimmerman et al.

(2016) found these green management measures to be more

effective long-term strategies for enabling urban areas to adapt to

climate variability and urban development compared to more

traditional approaches. As stormwater management is outside the

authority of the CSRM study, these should be considered separately

as complementary flood risk reduction measures.
3.2 Down selection of alternatives to
integrate NNBF into the city of Boston
CSRM study

Step 4 offers opportunities to consider ways in which NNBF can

be incorporated into the design of the City of Boston CSRM study.

Landscape architecture drawings and renderings provide an

opportunity to graphically illustrate how NNBF can be integrated

into flood risk infrastructure (Holmes et al., 2022; King et al., 2022)

(Figures 5, 6). Considering the risk drivers and space restrictions of

the region, green-gray and hybrid designs (see Figures 1, 4) offer the

best opportunities to include NNBF into flood risk reduction

infrastructure measures into the Boston CSRM study. To

illustrate this point, a series of renderings were developed to show

how the design of traditional infrastructure can be modified to

enhance the benefits of the structures (Figures 5, 6) as

discussed below.

For areas where floodwalls are being considered, low-

maintenance native vegetation (Gaskin and Thomas, 2025),

including woody vegetation such as shrubs with high drag

coefficients, can be used in place of turf grass (Figures 5A, B) to

soften the view-scape, provide sound-deadening benefits, and

attenuate waves (Dalrymple et al., 1984; He et al., 2019);.

Considerations for how levee safety buffer zone designs can be

modified to enhance the benefits derived from this infrastructure

feature is another consideration. Sidewalks made from pervious

materials can also be integrated on either side of the flood wall to

offer recreational opportunities as well as space for surface water to

infiltrate. Project teams can work with local communities for the

floodwall to serve as a canvas for locally developed artistic mural

designs that reflect the area’s history and community values

(Figure 5B). In this manner. meaningful engagement of the local

community can enable the integration of an aesthetic component to

the floodwall, greatly contributing to the visual appeal of

the structure.

A bin wall (e.g., designed as a living levee) or other hybrid designs

appropriate for space-limited urban areas could also be designed to

manage flood risk (USACE, 1989b). Such a structure could be

designed wide enough to serve its intended engineering function

while creating an elevated walkway for residents. If an adjacent

roadway is present, design elements can be included to reduce the

spatial extent of impervious surfaces by replacing these with natural

infrastructure materials such as native plantings in a roadway
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median, further increasing the area for groundwater infiltration, and

thereby reducing local flooding (Figure 5C). The concept of a living

levee is well known to the Boston area with several proposed designs

including a proposed living levee along Bennington Street (Woods

Hole Group, 2023); however, there remain challenges including

permitting and space constraints. Permitting living levees (and

other NNBF) in the Boston area is anticipated to be complex and

time consuming, potentially taking years. Key issues include concerns

about habitat conversion, especially when levees are proposed behind

existing marshes, and the site’s regulatory designations (e.g. Area of

Critical Environmental Concern) which may impose additional

constraints. Coordination with multiple agencies and compliance

with local, state, and federal regulations can lengthen the process.

However, well-justified, ecologically beneficial projects can be

permitted with diligent planning and early regulatory engagement.

Other opportunities to incorporate NNBF into flood

infrastructure are available along the water’s edge. Again,

considering space constraints prevailing in the Boston CSRM study

area, a traditional floodwall could still be constructed, but designed to

incorporate several NNBF to generate benefits beyond the engineered

(Figure 6). In areas that border residential neighborhoods, a bin wall

could be designed to serve the primary engineering objective but

could be bordered street-side by a levee with a lower departure angle
Frontiers in Ecology and Evolution 13
serving as a footprint for native vegetive plantings that require

minimal maintenance (Figure 6, top panel).

Seaside, riprap armoring could be interspersed with concrete

blocks or similar structures whose surfaces and designs have been

textured to create habitat niches (Perkol-Finkel and Sella, 2015;

Sella et al., 2021; Miller et al., 2022; and projects found in Bridges

et al., 2021b; Tritinger et al., 2024). The blocks would offer the

desired flood risk reduction benefits while increasing the habitat

values associated with that aspect of the structure. The bin wall

could be topped with a walkway and guardrails to offer community

aspect to the structure and waterfront. In scenarios where roadways

or commercial developments border the bin wall, vegetative

plantings would serve the added benefits of softening the wall

while reducing noise and increasing biodiversity (Figure 6). Here,

material dredged from a federal navigation channel could be placed

against the bin wall to serve as a foundation for creating marsh

habitat while reducing the wave energy impacts on the wall itself.

A similar floodwall walk structure was designed and built in

Richmond, Virginia in response to severe flooding that occurred in

the 1970’s and 1980’s. The 5 km elevated floodwall system, called

the Manchester Floodwall Walk, consists of gravel walking paths on

top of the floodwall with safety rails and an overlook, all providing

views of the James River, its bank habitats, and the City of
FIGURE 5

Conceptual renderings of (A) traditional flood wall; (B) a hybrid design consisting of a traditional floodwall combined with natural infrastructure
features; and (C) a hybrid design consisting of a bin wall replacement and other natural and nature-based infrastructure features.
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Richmond (Manchester Floodwall Walk, 2014). In 2007, Diversity

Park was added to the Manchester Floodwall Walk, creating

additional recreational opportunities for the local community.

The city of Boston CSRM study offers opportunities to consider

how the beneficial use of dredged materials can be used to enhance
Frontiers in Ecology and Evolution 14
the value of flood infrastructure measures. Beneficial use

opportunities could include contributing to hybrid designs where

sediment can be placed in front of hardened infrastructure features

such as floodwalls and seawalls to dampen wave energy impacts,

reduce flood risk, and to also create marsh habitat features that
FIGURE 6

Conceptual renderings of a hybrid design consisting of a bin wall flood protection element combined with natural and nature-based infrastructure
features serving as multiple line of defense, including: rip-rap combined with eco-armor units (top); beneficial use of dredged material serving as
marsh habitat (middle); and beneficial use of dredged material creating/nourishing a beach (bottom).
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enhance ecological value associated with the structure (Narayan

et al., 2017; Baptist et al., 2019). Serving as a natural resource

(Ousley et al., 2024), sediment could be sourced from a local federal

navigation channel dredged during routine maintenance. However,

implementation of beneficial use is not without its challenges to

implement in practice. Barriers to overcome include technical (site

access, timing, sediment compatibility), economic (cost of material

testing, planning, scoping), and institutional (permitting, Federal

standards) issues (Searcy et al., 2021; Ousley et al., 2024). In recent

years, much progress has been made to overcome many of these

common beneficial use barriers through strategic partnerships, field

demonstration of practices, long-term performance data, and

quantification of economic, social, and environmental benefits

(Searcy Bell et al., 2021; Ousley et al., 2024).

A key opportunity that the CSRM study provides is the

potential to leave space for natural infrastructure and associated

habitats. Such ecological habitat would not only contribute to

managing flood risk but also enhance the economic, social, and

environmental benefits associated with the structures (Figures 5 and

6; Bridges et al., 2021a). The presence of Belle Isle Marsh within the

study area also presents an opportunity to utilize this natural

infrastructure to enhance resilience. The marsh is currently being

impacted by sea level change and storms but represents an

opportunity to restore this valuable local resource. While the

marsh itself may serve a limited capacity as a feature in the

Boston CSRM study, sediment TLP is a management action that

if implemented can serve to enhance the resilience of the marsh

through habitat uplift well into the future.

Space limitations to implementing NbS in coastal marine

environments is a challenge that should be overcome. Using a

global modeling approach Schuerch et al. (2018) determined that

the main driver of global wetland resilience is the availability of

space to accommodate sediment accretion and subsequent vertical

and lateral growth of wetlands. Yet, built infrastructure in the

coastal zone is expected to increase over the remainder of this

century, thus serving as a key factor contributing to space

limitations. The authors suggested that large-scale loss of coastal

wetlands might be avoidable if sufficient space is made available for

NbS to be used to manage coastal environments. Therefore, hybrid

NbS could be a contributor to limiting and perhaps reversing

coastal wetland loss.
3.3 Knowledge gaps and path forward

The performance and intended function of NbS in urban and

other developed coastal areas remain key areas of study, particularly

in the context of global coastal risks affecting countries in transition.

In this study, there are numerous sources of uncertainty that may

limit the future implementation NbS in the constraints of highly

urban regions, including lack of physical or ecological performance

data, lack of economic data, and uncertainties associated with long-

term (life cycle) benefits. The uncertainties identified in this study

are not unique, but a common barrier to implementation

experienced globally. For instance, Paxton et al. (2024) reviewed
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252 studies on NbS interventions for coastal protection to better

understand what key data gaps need to be prioritized in future

efforts. Results from the review indicated that long-term

performance of NbS was rarely evaluated, with most studies

occurring over short timeframes (less than one to five years).

Additionally, most studies reviewed rarely incorporated social or

economic metrics (Paxton et al., 2024). Similarly, Ruangpan et al.

(2020) analyzed 146 studies on NbS efficacy for flood risk reduction

and found that key data gaps included long-term effectiveness,

performance when combined with gray infrastructure. Notably,

82% of these studies reviewed in Ruangpan et al. (2020) focused on

urban flood risk reduction, indicating the global opportunities and

interest in populated urban regions.

A recurring theme in the literature, as noted by Ruangpan et al.

(2020), is the need for standardized frameworks to select, evaluate,

and design hybrid NbS approaches. Yet, the benefits provided by

“prescriptive” standardized approaches need to be balanced with

methods that are appropriately flexible and iterative to be applicable

to a wide range of practitioners, geographic regions, funding, and

project scales. Recent advancements, such as the development of

NNBF guidelines (Bridges et al., 2021a, 2022) have made substantial

progress in addressing these aspects of an adaptable, transparent,

and repeatable framework for NNBF implementation. In addition,

this case study highlighted that many Nbs lack the at scale

applications and the effectiveness of NNBF for mitigating flood

risks from inundation (e.g., flood risks from tidal surge and storm

surge; see Table 1). However, there remain many questions of the

cumulative benefits that can be achieved by multiple NNBF and

NBS at a “system” or regional scale. In a recent example of a large-

scale coastal barrier island restoration, Tritinger et al. (2025)

demonstrated that through sustainable engineering principles and

integration of multiple natural and engineered ecosystem

components at a regional scale, enhanced social, economic, and

environmental outcomes were achieved. While there remain many

uncertainties, information from real-world case studies - like

presented here - are essential for demonstrating practical

applications and facilitating NNBF implementation in practice.
4 Conclusions

Traditional gray infrastructure remains a critical asset for

CSRM to defend against flood related events in many coastal

regions. Yet, current climate projections indicate increasing risks

due to relative sea level change and the rise in the human population

in flood-prone areas. Therefore, there is a growing need to innovate

the design and implementation of traditional infrastructure to

meaningfully improve coastal resiliency, reduce flood risk, and

broaden benefits. This is a common scenario globally as many

urban populations are continuously expanding while space to

implement NbS along the coastline is shrinking (Nakamura,

2022). While NbS are increasingly recognized as alternatives to

mitigate some stressors addressed in CSRM, identifying NNBF that

mitigate risks of inundation within the space constraints of a highly

urbanized region were limited. Therefore, a key data gap in the
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TABLE 1 Examples of NNBF features and hybrid solutions and their potential benefits for CSRM application.

NNBF feature, location, and
target stressor

Examples Key benefits Supporting references

Offshore

Living breakwater, natural or artificial
reef/targets wave energy

Rock and stone structures with or
without oyster and fish habitat

Reduces wave energy, supports
biodiversity, supports fisheries, and
improves water quality

(Chasten et al., 1993; Duhring, 2008;
Palinkas et al., 2022)

Precast concrete (Tschirky et al., 2018)

Oyster castles (Nardin et al., 2021; Bredes et al., 2022;
Salatin et al., 2022)

Stone reef balls Reduces wave energy, supports
biodiversity, supports fisheries, and
improves water quality
Can be placed offshore, nearshore, or
intertidal to obtain benefits

(Faulise, 2018)

Mesh bags filled with shells/oyster or
mussel sill

(Hardaway et al., 2017; O’Donnell,
2017; Ayvazian et al., 2020; Dolatowski
et al., 2024)

Oyster reef restoration (Scyphers et al., 2011)
(O’Donnell, 2017)

Nearshore

Living seawall/targets wave energy Retrofit existing seawall to create
complex structures

Improves ecological function of existing
seawall/reduces wave energy

(Chapman and Blockley, 2009; Browne
and Chapman, 2011; State of New
South Wales, 2012; Suedel et al., 2021;
Bishop et al., 2022; Dolatowski
et al., 2024)

Enhanced tide gate/targets inundation
and wave energy

Adjustable flow control valves that
respond to tidal flows or
storm conditions

Reduces saltwater intrusion, inundation,
buffers wave energy, improves wetland
habitat, and allows fish passage

(Bridges et al., 2021b; Suedel
et al., 2023)

Submerged aquatic vegetation (SAV)
restoration/targets wave energy

Regional SAV restoration Stabilizes sediment, reduces wave
energy, improves water quality,
improves fish habitat, and is a
carbon sink

(Irish et al., 2008; Leschen et al., 2009)

Floating wetland/targets wave energy “Emerald Tutu” Mitigates sea level change, storm surge,
erosion, and wave energy while
providing habitat and food production
for various fish and wildlife species and
improving water quality

(Karstens et al., 2021; Hibbert, 2023;
McLaren Engineering Group, 2023)

Intertidal

Living shoreline/targets wave energy
and inundation

Marsh toe revetment Reduces wave energy and improves
habitat and water quality

(Hardaway et al., 2017;
O’Donnell, 2017)

Thin layer placement Sustainably uses dredged sediment and
maintains marsh elevations

(Parson et al., 2015; Raposa et al., 2023;
Dolatowski et al., 2024) (Payne
et al., 2021)

Marsh restoration or creation Reduces erosion, absorbs wave energy,
supports biodiversity, and creates
recreational space

(Duhring, 2008; Irish et al., 2008;
Hardaway et al., 2017; O’Donnell, 2017;
Paquier et al., 2017; Sloan, 2018; Zhang
et al., 2020)

Beach nourishment (O’Donnell, 2017)

Wetland or marsh sills Reduces wave energy and improves
habitat and water quality

(Duhring, 2008; Hardaway et al., 2017;
O’Donnell, 2017; Woods Hole
Group, 2022)

Bank grading Creates natural, gradual transitions
from open water to transitional upland
habitat and attenuates wave energy
and inundation

(Duhring, 2008; Hardaway et al., 2017;
O’Donnell, 2017)

Living levee or bin wall/targets wave
energy and inundation

Slope 30:1 (USACE, 1989b, 1995; Cecchetti et al.,
2020; Woods Hole Group, 2023;
Dolatowski et al., 2024)

Inland

Green stormwater management/
targets inundation

Green parks, green roofs, bioswales Flood mitigation, water quality,
attenuates inundation

(Atkins, 2015)
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current study was the lack of at-scale examples of NNBF with the

objective of reducing coastal storm risk associated with inundation.

Additionally, in the Boston CSRM study a primary concern

expressed during stakeholder engagements was the lack of long-

term efficacy data related to NNBF as flood risk reduction measures.

For these reasons, NbS alternatives include the design of green-gray

and hybrid systems (i.e., hybrid bin flood walls) offer more practical

solutions for including NNBF while broadening the benefits

associated with flood risk reduction infrastructure in Boston

CSRM study area.

Urban coastal environments require planning and design

alternatives that can overcome space limitations and dense

populations. In this study, the initial phases of the NNBF

guidelines framework (steps 1-4) was shown to be an effective

means of organizing and communicating information relevant to

the application of NNBF alternatives in the Boston CSRM study. As

risk managers develop CSRM measures in urban environments,

they should consider ways in which innovative NNBF can be

incorporated into planning, designing, and implementing efforts

to ensure long-term resilience for both the built and nature-based

infrastructure and the communities that rely on them. A key

enabler to implementing NNBF is that public perception and

social acceptance of NbS as alternatives to traditional

infrastructure was not a concern expressed by stakeholders in the

Boston CSRM study.

Local communities are funding planning efforts to implement

NbS for coastal resiliency in their communities. In collaboration

with community groups and non-profits, the Town City of Revere,

City of Winthrop, and East Boston have funded studies to provide

valuable insights into the risks and challenges faced by these

communities located within the CSRM study area. Applying the

NNBF framework underscores not only the urgent need for action

to protect local communities, but also highlights the importance of

collaboration between various stakeholders and the potential of NbS

in addressing the challenges posed by a changing climate. The

application of the first to phases of the NNBF approach as presented

herein serves as a crucial step towards a more resilient future for

both the people and infrastructure within the City of Boston CRSM

study area.
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