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The following are select excerpted quotations from the International Guidelines on Natural and
Nature-Based Features for Flood Risk Management.

Advancing
Twenty-First-Century
Flood Risk Management

“Change takes courage, but
as one starts down the path
of innovation, what was once
novel becomes more familiar,
more established. The U.S.
Army Corps of Engineers
(USACE) is walking this path
with our partners through
the Engineering With Nature
Initiative (EWN), integrating
human engineering with
natural systems.”

S0 Sl

LTG Scott A. Spellmon

55th Chief of Engineers,
Commanding General, USACE
(United States)

US Army Corps
of Engineers.

Natural and Nature-Based
Features to Deliver

Value for People, Planet,
and Prosperity

“For the Netherlands, a
country of which about

30% is below sea level and
about 60% of its surface is
flood-prone, ‘Engineering
with Nature approaches’
have become essential for
improving our flood safety in
an adaptive manner.”

Micheéle Blom

Director General, Rijkswaterstaat
(the Netherlands)

%29 Ministry of Infrastructure
{’ﬂ’} and Water Management
of the Netherlands

Using Nature's Techniques
to Deliver Adaptation and
Resilience for the Future

“Natural and nature-based
features (NNBF) are
increasingly important to the
Environment Agency and its
partners in enabling flood
risk management programs
that create better places for
people and wildlife.”

Cozen

Caroline Douglas

Executive Director, Flood and
Coastal Risk Management,
Environment Agency

(United Kingdom)

Environment
W Agency

A Natural Approach to Our Future
Infrastructure Needs

“National Oceanic and Atmospheric
Administration (NOAA) recognizes
that the scope of flood risk
management challenges, worldwide,
cannot be fully addressed solely
through use of conventional
infrastructure and is proud to be

a contributor to the International
Guidelines on Natural and
Nature-Based Features for Flood Risk
Management.”

K SR

Richard W. Spinrad

Under Secretary of Commerce for Oceans
and Atmosphere and NOAA Administrator,
National Oceanic and Atmospheric
Administration (United States)

Mainstreaming Nature-Based
Solutions for Resilient
Development

“We hope these guidelines will
provide a new baseline for the
technical assessment and

implementation of nature-based

solutions (NBS) for our client
countries and partners.”

ek Kag fa (af—

Sameh Naguib Wahba

Global Director, Urban, Disaster Risk
Management, Resilience and Land,
World Bank (United States)

@ WORLD BANKGROUP
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Introduction

The application of natural and nature-based features (NNBF)
has grown steadily over the past 20 years, supported by
calls for innovation in flood risk management (FRM) and
nature-based solutions from many different perspectives
and organizations. Technical advancements in support

of NNBF are increasingly the subject of peer-reviewed

and other technical literature. A variety of guidance has
been published by numerous organizations to inform
program-level action and technical practice for specific
types of nature-based solutions. This effort to develop
international guidelines on the use of NNBF was motivated
by the need for a comprehensive guide that draws directly on
the growing body of knowledge and experience from around
the world to inform the process of conceptualizing, planning,
designing, engineering, constructing, and operating NNBF.



This overview of the International Guidelines
on Natural and Nature-Based Features for
Flood Risk Management (NNBF Guidelines)
provides a high-level review of each chapter
of the guidance and outlines key principles,
key messages, and data gaps requiring further
study. It is meant to provide a quick read and,
therefore, omits details that are found in the
full document. The NNBF Guidelines is the
product of a large-scale collaboration that
included 5 years of working-level meetings
and knowledge sharing involving key practice
leaders from around the world. The project
was initiated and led by the U.S. Army Corps of
Engineers (USACE) as a part of its Engineering
With Nature (EWN) Initiative. USACE in the
United States, the Rijkswaterstaat Ministry of
Infrastructure and Water Management in the
Netherlands, and the Environment Agency in
the United Kingdom were the three primary
government institutions that organized and
led the effort. Many other organizations

also provided critical leadership and
participation, including the National Oceanic
and Atmospheric Administration, World Bank,

National Institute of Standards and Technology,

The Nature Conservancy, and the World Wildlife
Fund.

The NNBF Guidelines is a step forward in
advancing twenty-first-century flood risk
management concepts and practices. It is
intended to inform the efforts of practitioners,
organizations, and communities seeking to
increase the performance of FRM systems

and achieve long-term risk mitigation;
increase water infrastructure resilience

and sustainability; reduce infrastructure
maintenance and repair costs; and, ultimately,
increase the value produced by FRM
infrastructure investments.

In these guidelines, FRM refers to actions
taken to reduce future damage to people and
property caused by flooding and erosion in
coastal and fluvial systems, including actions
to address the myriad biophysical processes
that contribute to flooding and erosion (e.g.,
processes contributing to shoreline erosion
and loss of land elevation that can increase
flood risks over time). NNBF refers to the use of
landscape features to produce FRM benefits.
NNBF projects may also produce other
economic, environmental, and social benefits
known as co-benefits. These landscape
features may be natural (produced purely by
natural processes) or nature based (produced
by a combination of natural processes

and human engineering) and include such
features as beaches, dunes, wetlands, reefs,
and islands. Landscape features can be used
alone, in combination with each other, and in
combination with conventional engineering
measures such as levees, floodwalls, and
other structures. The type, number, size,

and combinations of measures (NNBF or
conventional structures) used in an FRM
system depend on the context of the problem
and on the geographic setting, the goals

of the project, and a host of other factors.

There is a need to address FRM at various, interlinked spatial and temporal scales. These scales
are also related to project level (local and regional), program level (regional and national), and even
policy or strategy level (national and international). The concept remains similar, but the specifics
of implementation can vary.

As used in these guidelines, NNBF are a type of nature-based solution. Different definitions of
nature-based solutions for risk reduction and adaptation are in use across the numerous and
diverse organizations that are advancing and applying these approaches. The common element
among all these definitions is the focus on conserving, restoring, and engineering natural systems
for the benefit of people and the ecosystems we inhabit. Related terms, though not necessarily
synonymous, include building with nature, engineering with nature, nature-based solutions,
natural flood management, and green infrastructure. The pursuit and development of such
approaches stretch across several decades. In the 1960s, ecologist Howard T. Odum and others
developed a foundation for ecological engineering; and in 1969, the landscape architect lan
McHarg published his seminal book Design with Nature (McHarg 1969"). These efforts, and others,
contributed to the development of what are now called nature-based solutions.

Terms Related to NNBF
Natural and
nature-based
solutions
Working with Ecological

nature engineering

Building Engineering
with nature With Nature
Natural and
Green Nature-Based Soft defenses

infrastructure Features (NNBF)

Nature-based
solutions

Natural flood
management

Working with
natural processes

Greening the
coast
Livi ng Source: Nigel Pontee, Jacobs

shorelines



The use of NNBF in various forms has been growing
and maturing for several decades, and NNBF
projects have been built and are successfully
operating around the world (see photograph of
the Dutch Sand Motor). Collecting and sharing the
international experience on NNBF was a primary
motivation for developing the NNBF Guidelines.
The length of this document (more than 1,000
pages) testifies to the significant amount of global
experience and technical work on NNBF, which
continues to grow. Hundreds of scientific papers
and reports related to NNBF have been produced
by organizations, researchers, and practitioners
around the world during the 5 years this NNBF
Guidelines was developed.

That said, the purpose of these guidelines is to
inform and guide, not to provide an exhaustive
summary or analysis of this growing body of
technical literature. This guidance is not intended
to be a “cookbook” with NNBF “recipes” to follow.
We do not aim to provide the NNBF analog

for calculating the size of rock to be used in
conventional shoreline armoring projects. The
goal of the NNBF Guidelines is to help inform the
process of conceptualizing, planning, designing,
engineering, and operating FRM systems that
include NNBF. The escalating scale of flood risks
and challenges calls for new ways of envisioning
solutions, layering, and combining measures,
and phasing the development of FRM systems
that include the functions and values nature

can provide.

Hybrid Rootwad and Habitat Berm Shore
Protection at Little Beaver Island, New York,
United States

Source: Anchor QEA

The Dutch Sand Motor,
! 3 : : " a Great Example of NNBF,
4 % I - 3 . 3 G My “The Hague, the Netherlands

Source: Rijkswaterstaat




These guidelines are divided into three major sections. The first major
section (Chapters 1to 7) covers a set of common topics that are

broadly applicable to NNBF. The second major section (Chapters 8 to

14) addresses coastal applications of NNBF, including open coast and
estuarine environments. The third major section (Chapters 15 to 19)
covers NNBF applications in fluvial or riverine environments. Throughout
the document, examples and case studies illustrate the diverse contexts
and progress being made in applying NNBF worldwide.

The guidelines are organized so that readers can begin where their
interests lie. Given the conceptual connections and relationships

among the topics covered in the chapters, the chapters were developed
in a collaborative environment where there was communication and
engagement across chapter teams. We wanted the chapters to be able to
not only stand on their own but also be part of an integrated treatment
of NNBF. Each chapter begins with a list of its key, high-level messages,
includes references to other chapters, and uses icons and case

studies to draw attention to key topics covered elsewhere in the NNBF
Guidelines. The science and practice in this field are rapidly advancing, so
we plan to update these guidelines in the future, when the timing seems
appropriate to do so.

Contents and Concepts of NNBF Guidelines Linked to a Watershed Approach

v -
O &3 & 2
Chapter 2 Chapter 4 Chapter 6 Chapter7
Principles, Frame- Systems Benefits of Adaptive
works, and Outcomes NNBF Management

LU
Chapter 3
Community
Engagement *+¢ é .

Ak

KQ Chapteww
NNBF Fluvial Systems;

Chapter 10 2 ') 0
Coastal Wetlands S°|Ut'°-"s and Case
and Intertidal \Studies o QQ QQ
. Areas /ﬂ ?
Chapter 1 .
Islands

Chapter 14
Enwronmental Enhancements
of EX|st|ng Structures

gi“r‘x Chapter 8
,‘& & ety m Introduction
é &
to Coastal Chapter 9
PIant Systems eaches and

Feetures

Dunes/

Chapter 5
Performance
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Overarching Observations

In view of the breadth of material covered in these guidelines, it is useful
to offer a few relevant observations and principles to inform our thinking
about natural systems and FRM, our approach to implementing NNBF,
and future needs.

« Natural features and landscapes have always contributed to
flood resilience.

« The function and success of FRM measures and systems are
related to scale.

» Sustainable FRM systems will include combinations of conventional,
natural, and nature-based elements.

+ The flexibility and adaptability of NNBF are useful for achieving
flood resilience.

+ NNBF can increase and diversify the value provided by infrastructure.

+ Innovation in practice will be key to addressing future problems and
opportunities.

- Policies need to be developed to guide and expand the use of NNBF.

+ Coordination, collaboration, and partnership will fuel successful
implementation of NNBF.




CHAPTER 2 Key NNBF Principles

Principles
’
The following five foundational principles are critical to the

F ra m eWO r kS, a ﬂ d overall success of an NNBF project:
Outcomes O

| Expect change and manage adaptively.

]
These guidelines assume that an initial evaluation of the @—
“systems of interest” has revealed that NNBF should be

considered as an element in the overall approach to flood % Identify sustainable and resilient solutions that
risk reduction. A key step in the NNBF planning process g produce multiple benefits.

is also the identification of uncertainties and data gaps, -

which naturally facilitates adaptive management of Use a systems approach to leverage

projects. These principles, framework steps, and desired existing components and projects and their
outcomes are, therefore, offered to practitioners, along interconnectivity.

with recommendations for integrating NNBF into a

broader, multidimensional approach for managing the oo ENgage communities, stakeholders, partners,
system of interest. m‘ and multidisciplinary team members to develop

innovative solutions.

VA Anticipate, evaluate, and manage risk in project or

JA\
VA system performance.

1




DEFINITIONS OF RISKAND
UNCERTAINTY

For the purposes of this NNBF Guidelines, risk and
uncertainty are defined as follows:

Risk is a function of the probability that an adverse
event (e.g., flooding or coastal erosion) will occur
and the consequence associated with that event.
Thus, risk = f (probability and consequence),
generally simplified to risk = probability x
consequence.

Uncertainty arises as a result of imperfect or
missing knowledge. In the context of FRM, two
types of uncertainty in processes are commonly
distinguished—natural variability (aleatoric
uncertainty) and limitations in knowledge
(epistemic uncertainty).

NNBF Framework

Having a framework is useful to successfully undertaking
NNBF projects. The recommended framework is separated
into five phases (each with subsidiary steps)—Scoping,

Planning, Decision-Making, Implementation, and Operations.

These phases highlight a general progression from the
initial Scoping Phase to the Operations Phase of a project.
However, the framework progression need not be strictly
linear; in particular, (1) the iterative approach for refining
NNBF options will likely require a return to previous

steps in the process; and (2) in the early stages, financial
considerations (costs and funding strategy) will need to be
considered in parallel with scoping and planning activities.

Project proponents should anticipate high-level outcomes
for each of the framework phases. Familiarity with these
outcomes and knowing their connectivity to applicable
framework phases will promote the sequential completion
of necessary activities and minimize the risk of omitting
aspects that are critical to success.

.y

Seurce: U.S. A

Stream Biofilters
rmy Corps'of Engineers



Framework Phases and Their Corresponding Steps in Undertaking NNBF Projects

New
Project Step 2b
Establish Implementation ~ Step 3 Step 4
Funding Strat Determine
unaing s trategy Risk Assess NNBF and
Hybrid Options

Step 2a

Establish Step 5
Analysis Funding Qonduct .

Strategy terative Procegg. Socioeconomic

A ‘ Analysis
“_~~
\ Plann/hg \\\\
Step1
Preparation
| >
"f> Select NNBF
Option o
Step 11 / ption or
; ! Options
Adaptive & /
Management 2%

and Reporting

4
N\ //
7 7
NP ”
\gfff@nagerae,nt o
Step 10 \ /
Monitoring and ‘ Step 7

Maintenance ’ Refine Financing
and Pursue
Step 9 Step 8 Designs and
Implementation Finalize Permits
and Construction and Obtain
Permitting
*Iterative process to identify practical **Adaptive management cycle that supports
and preferred NNBF options practical and preferred NNBF options
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As illustrated in the graphic, the recommended framework has five phases and 11 steps. The
framework is presented here as a roadmap for future NNBF applications. In the past, most
experience with FRM project development has focused on structural measures; nonstructural
measures; and, to a limited degree, NNBF, with the possible exception of beach and dune projects.
This framework assumes that an analysis of the systems of interest has revealed that NNBF should
be considered in the overall approach to storm and flood risk reduction and focuses on how NNBF
fit within the project development process. However, the framework does not include an evaluation
or an explicit comparison of conventional measures to NNBF infrastructure. This framework also
does not contrast one approach against another (i.e., use of only structural measures versus
exclusive use of NNBF). Ultimately these framework steps are offered as a guide to practitioners
for pursuing a combination of measures that achieves the integration of NNBF into their broader,
multidimensional approach for FRM.

This framework is divided into five phases that sequentially organize several concepts. The phases
are Scoping, Planning, Decision-Making, Implementation, and Operations.

Phases of the Project Development Framework and How They Relate to One Another

New Information Discovered

Implementation |—>| Operations

~_

15
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v

ife Refuge, Delaware, United States
dlife Service

As depicted, these phases highlight a general
progression from the initial Scoping Phase to the
Operations Phase of a project. However, there are
times when information discovered or revealed
during a later phase of project development can
require additional considerations, which then
results in a previously completed phase being
revisited. The cycle depicted in the top-right
portion of graphic of the phases (on page 15)
highlights the additional time that is likely needed
to consider different options and additional input
that is accruing prior to the selection of the
preferred NNBF option or options. From this phase,
there is a logical progression to implementation
and operation of the project. Of course, there are
factors inherent to this flow diagram that would
result in a need to revisit any one of the previous
phases. For example, design processes are
iterative by definition; however, they also require
revision when new data are available, or when
new information is obtained on the functionality
and success of previously implemented measures
(sometimes in other systems).

16

Outcomes

When considering the development of NNBF projects, it is important to identify an approach that
will render the highest likelihood of success and avoid predictable problems and unexpected costs.
This approach should include identifying desirable outcomes at each phase. Many successes over
the past 10 years with incorporating NNBF projects into an overall strategy for FRM have been
based on well-crafted, organized, and incremental approach plans. Within each of the framework
phases presented herein, there are anticipated outcomes that will advance the project to the next

level of completion.

Different Phases of the Framework and the High-Level Outcomes that
Should Be Anticipated in Association with Each of the Phases

Scoping

Planning

Implementation

Operations

—=
—

Outcome 1: Stakeholder engagement: communication
processes established with all stakeholders and the public
(early and often)

Outcome 2: Problem identified and stakeholders
committed to action

Outcome 3: Funding streams explored and identified

Outcome 4: Benefits for at-risk systems identified and
impacts and benefits for natural systems accepted

Preferred NNBF option or options selected

Outcome 6: Approvals and authorities in place

Outcome 7: Overall solution portfolio delivered with NNBF
elements optimized

Outcome 8: Monitoring and adaptive management
processes established

17




Engaging Communities
and Stakeholders in
Implementing NNBF

NNBF engagement is any interaction between the
organization or agency responsible for delivering the NNBF
project and relevant stakeholders, including communities
where NNBF projects may be built. This interaction can
include a wide range of different types of engagement, from
one-way communication of information to consultation
and collaborative discussion. The tools and methods for
engagement should reflect the type of engagement—
either “light touch,” “moderate,” or “extensive” interaction.
Engagement is an important and necessary part of all
planning and decision-making for any infrastructure
project. Engagement is included at each step of the NNBF
framework because we assume an adaptive management
approach to the project and, therefore, an iterative, flexible
process using built-in feedback loops to inform all aspects
of the project plan, including the engagement component.

18
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Meydenbauer Stakeholder Meeting,
Bellevue, Washington, United States
§ ¥ Source: City of Bellevue



Key Messages

1. Stakeholders expect early, broad, and
professional engagement.

2. NNBF provide unique opportunities for engagement,
including participation in defining the problem in
scoping, developing, and evaluating alternatives in
the project design, maintenance, monitoring, and
evaluation.

3. Engagementisimportant because of the increased
likelihood of multiple benefits and, therefore, multiple
beneficiaries, with NNBF projects.

4. Successful community and stakeholder engagement
require that the engagement be integrated in all phases
of NNBF projects.

5. NNBF projects should include an engagement plan and
the resources to carry it out.

A well-planned process for engagement

enables all those who have an interest in, have
influence over, or will be potentially impacted by
a project to be involved from an early stage to

be kept informed, understand and add unique
perspectives, and influence positive outcomes.
Engagement processes should focus on the
overarching objectives of the communities? and
agencies involved, which should generally require
a neutral approach to any specific final solution.
Good engagement minimizes the risk of project
failure and project schedule delays and enhances
opportunities for long-term, sustainable outcomes
that benefit multiple parties.

It is important to acknowledge that genuine
engagement is rarely easy. Many projects come
with some form of resistance, particularly in
early stages. Stakeholders are often better than
project staff at framing and successfully involving
the press, politics, and the broader community.
The manner and timing in which projects are
communicated matter greatly to the success of
the project. Projects will be better positioned to
overcome any challenges if engagement is open,
is transparent, and includes a genuine desire for
stakeholder involvement.

21




Summary of the Products (or Deliverables) for Each Step of the Engagement Process

Engagement step

Products

Engagement step Products

1 Articulate the engagement
principles and objectives.

Documented principles
Documented objectives

2 Assessthe context and
stakeholders.

Issue list

The contextual analysis should result in a list of potential
physical, environmental, legal, historical, cultural, and social
issues that may be encountered in project development and
implementation.

Database of stakeholders

The identification and analysis process should ultimately lead
to a database of stakeholders, identifying who they are, their
level of influence and impact in relation to the NNBF project,
and the intensity of engagement they are likely to require,
potentially with an additional consideration of the level of
interest they are likely to have in the project.

6 Deliverthe engagement. Information materials

These can include letters, posters, presentations, flyers, and
other materials to provide information.

Record of stakeholder input

The records should include both in raw form and summary
form a plan for how and when stakeholder input will be taken
on board and how stakeholders will be told about what change
has occurred (or not) as a result.

3 Assessthe resources.

Resource matrix

The matrix should include the identification of people, tools
and knowledge, practical resources, time, and budget available
for the engagement process.

4 Determine the engagement
methods.

Selected tools and methods

5 Planthe engagement.

Engagement plan

The plan should incorporate all products above; it may take the
form of a spreadsheet, a text document, or a combination of
the two, and should have a public-facing summary.

22

7

Evaluate the engagement. Evaluation plan
The plan should include the original engagement objectives,
a set of evaluation indicators, measurement tools, and an
understanding of how, when, where, and from whom specific
data will be collected. This can feed into the development of an
evaluation plan or framework; the plan may take many forms—
from a simple spreadsheet to an additional project plan.

It is the hope that NNBF project teams will adopt a new paradigm that includes a deeper
commitment to engagement than may have been the norm previously. The following reminders
should serve as a quick reference to support the NNBF project engagement process:

Deliver earlier, broader, and professional engagement at all NNBF project phases.
Take advantage of the unique opportunities for engagement afforded by NNBF.
Define the principles for engagement and set objectives early.

Analyze the context and the stakeholders.

Choose the tools and methods for engagement based on the type of engagement required—
light touch, moderate, or extensive.

Plan the engagement and assign the appropriate resources.

Evaluate the effectiveness and impact of the engagement. Be flexible and adaptive in the
engagement plan.

23




Planning and
Implementing NNBF
Using a Systems
Approach

Guidance on the mitigation and management of flood
risk often recommends that a systems approach

be used to define, characterize, and manage water
resources (usace.army.mil 2002; APFM 2009;

National Research Council 2013; WWF 2016; World Bank
2017; Burgess-Gamble et al. 20183). A systems approach
is essential for the successful implementation of flood
risk reduction measures, including NNBF, because it
incorporates an early appreciation of the context and
further enhances the breadth of perspective on the
natural system by including the interplay of ecology,
geomorphology, and hydrodynamics, as well as the
interface with the social system (i.e., the engagement of
local stakeholders). In addition, it results in tailor-made
multifunctional and sustainable solutions.

Key Messages

1. Systems thinking means considering physical, biological, and social
processes, and their interactions, in evaluating flood risk problems
and solutions, and identifying ways to reduce conflict and maximize
synergies to produce sustainable solutions.

2. Bringing people and different interests together is a way to
explore holistic, system-wide issues, which can lead to innovative
partnerships and potential leveraging of resources, accelerating
identification and implementation of suitable, sustainable, and
well-functioning solutions.

3. NNBF solutions for flood risk reduction develop over time and
space. A multidisciplinary team that creates an understanding of
biophysical, socioeconomic, and governance system dynamics
is essential for sustainable, long-term management and to verify
performance criteria are met.

4. NNBF solutions can provide a variety of ecosystem benefits. Systems
thinking enables the assessment of multiple potential outcomes,
supports multifunctional design, and facilitates direct engagement
with stakeholders and consideration of social benefits.

5. Systems thinking can be used to implement NNBF solutions on a
large-system scale (think big), to integrate the effects of many small
projects (start small), and either as standalone projects or as part of
larger FRM efforts.

25
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One of the fundamental features of a systems
approach is that it emphasizes a broad view that
looks beyond immediate events or local problems
by identifying patterns and relationships within a
system. This deeper and broader understanding
provides the basis for more effective,
multifunctional solutions with added value for
both society and nature. To date, different aspects
of a systems approach have been used in NNBF
and conventional FRM projects around the world.
However, there are few examples, whether NNBF
or conventional, that have considered all aspects
of the systems approach, including the dynamic
physical, ecological, and relevant cultural aspects
and processes within a system, and feedback
among them. Because the use of NNBF in FRM

is relatively new, there are few mature examples
of its application using a systems approach. This
is particularly the case for the role of systems
thinking in the long-term development and
adaptive management of NNBF under changing
(climate) conditions, which is relatively uncharted
territory. Further expanding the evidence base will
help the mainstreaming of systems thinking and
NNBF, resulting in more optimized, sustainable
solutions focused on long-term benefits.
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Revealing Potentially Hidden Consequences in Decisions Is
a Widely Recognized Advantage of a Systems Approach, as
Characterized by the Iceberg Model

Events
More + Flooding of farms, homes, businesses
visible + Excessnutrients and other water pollution

« Drinking water compromised

» More frequent flooding
- Focus on restoring affected areas, not on the causes

» Reliance on insurance to cover losses vs.
preventing losses

Structures
ance systems: local jurisdiction vs. wa

use planning vs. economic devel
recipitation results in changing
analysis requirements
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Case Study: Acting on Different Scales (Dutch Coast,

the Netherlands)

As a low-lying country, the Netherlands

has a long history in its struggle against
rising water. In the last centuries, the fight
against rising water was mainly fought on a
local level with local solutions. Over the last
decades, the thinking has shifted to a more
integrated, system-wide approach, including
multiple governmental bodies, research
institutes, and local stakeholders. In 1990, the
foundation for this vision was established by
the decision to maintain a stable coastline at
the level of 1990 (the Basiskustlijn [“reference
coastline”]) by means of sand nourishments.
This political (and legal) decision enabled
collaborative development of a dynamic
coastal management approach based on
sandy solutions, where natural processes
play a key role. This vision also acknowledges
that nourishments in the nearshore have an
impact on the landward part of the coastal
system (e.g., protected dune ecosystems),
thereby connecting coastal defense to the
management of several national and European
Union nature reserves. After the formation of
this vision, the entire Dutch coastline has been
aligned according to these standards, with
NNBF projects such as the Sand Motor and
Hondsbossche Dunes.

The application of a long-term vision for

the entire Dutch coast can be seen as the
overarching example of systems thinking.

On a smaller spatial scale, a system-based
approach is used to develop custom-made
solutions that include other ecosystem
services. NNBF solutions are preferred where
possible and structural solutions are chosen
when necessary (e.g., near coastal cities or
in different natural systems). For example,
the Dutch coast can be separated into the
following three distinct subsystems: the
Zeeuwse Delta/Scheldt-Meuse Estuary in
the southwest, the closed Holland coast to
the west, and the Wadden Sea barrier island
system in the north (see figure). Each system
requires different approaches and has different
cost-benefit analyses and solutions.

Overview of Dynamic Coastal Management Projects along the Dutch Coast
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Nature-based solutions have existed

around the world for decades, though their
performance and benefits may not have

been closely tracked. Setting the context is

an important step in systems thinking and is
especially important as a way to find common
ground between different stakeholders.
However, the best approach to find common
ground is always location-specific and requires
local experience. Acting on multiple spatial
and temporal scales can further complicate
the contextualization of a flood risk problem.
Consideration of relevant processes and
feedback mechanisms operating on different
scales introduces additional knowledge gaps
and uncertainties. These should be considered
in the planning and design of NNBF but

may also require further investigation and
monitoring once an NNBF project has been
built. Filling these knowledge gaps and sharing
the lessons learned will be beneficial for future
NNBF projects.

The assessment of the suitability of NNBF
through a systems approach is characterized
by the inclusion of multidisciplinary knowledge
of physical and ecological processes. The
potential to include the wide-ranging

benefits of NNBF can lead to more expansive
consideration of how the project influences
the system than might occur in traditional
FRM. Such a comprehensive view requires
consideration of these co-benefits in the
evaluation of alternatives (and the willingness
to pay for them), and additional effort will be
required to develop best practices that enable
the co-benefits of NNBF to be considered by
decision-makers.

As more information is developed on the
long-term evolution and performance of
NNBF projects, future management to ensure
continued effectiveness will benefit from the
systems approach. Future development and
land-use modifications, as well as changes in
flood risk, will alter the systems’ context for

any project, and as gaps in knowledge are filled,

new ones will arise. Using a systems approach
from the start will enable stakeholders,
planners, and managers to work together on
common goals and be better prepared for what
the long term brings.
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Key Messages

NNBF FRM performance and aspects 5.

of social and economic performance
are examined using a source-pathway-
receptor-consequence conceptual
model commonly used for FRM.

Performance metrics include direct 6

and indirect measurements, modeled
parameters, or outputs and should
be assessed based on predetermined
performance criteria.

Sources of uncertainty in NNBF

performance are largely similar 7.
to those of structural measures,

although natural variability of NNBF

may be greater than that of structural
measures.

Because monitoring budgets are
usually limited, monitoring metrics
should be chosen carefully to capture
the most critical aspects of the
project (typically those related to

the objectives), and metrics that can
inform multiple types of performance
should be used when possible.
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Performance of NNBF over a project
life cycle requires periodic assessment
at a frequency commensurate with the
natural dynamism of the NNBF and the
location.

For NNBF and structural measures in
a world with increasing disturbance
events, there is a real need to get
better values on long-term rates of
failure (fragility) and the associated
maintenance costs.

FRM and the ecological, social, and
economic performance of NNBF are
interrelated, and proper ecological
function of NNBF is critical to ensuring
proper FRM, social, and economic
functions.

Multiple interrelated categories of performance
relate to NNBF and include the following:

FRM performance, in the context of NNBF, is
the reduction in physical forces that produce
flooding or damages or that otherwise
contribute to FRM for the full range of possible
events over a project’s life. Erosion reduction is
included as a component of FRM performance
because future FRM performance can be
compromised by persistent erosion. The two
aspects of FRM performance are the system
performance, which is the effect of the system
of measures including NNBF on the hazard, and
the structural performance, which is the effect
of the hazard on the NNBF and other measures.

Ecological performance is the production
of the desired ecological functions by the
NNBF. Ecological performance includes the
production of desired ecosystem goods and
services such as water quality.

Social performance refers to the desired
social co-benefits produced by the NNBF,
including human health, well-being, and
equity, as well as recreational, cultural, and
educational co-benefits.

Economic performance pertains to the
reduction in economic damages, as well as
the economic value related to other FRM,
ecological, and social co-benefits produced by
the feature.

Performance should be considered over an
entire project life cycle and should consider the
full array of possible environmental conditions
that drive performance for present and future
conditions alone and in combination with each
other (e.g., future sea-level rise coupled with

a full range of storm events). Performance
should be estimated for both robust and
deteriorated or otherwise suboptimal NNBF
conditions (e.g., if two flood events occur
consecutively). Like structural measures,
NNBF performance may deteriorate over time,
requiring routine maintenance to sustain
performance over the course of an entire
project lifetime. However, unlike structural
measures, many NNBF are able to adapt to
future conditions and performance may even
improve over time (e.g., wetlands migration in
response to sea-level change).

Performance concepts and analyses are
applicable to existing NNBF, not just NNBF
solutions that require active construction or
modifications. Conservation and maintenance
of existing NNBF are both valuable to FRM
goals. If existing NNBF are providing FRM
functions—especially if new NNBF, structural
measures, or nonstructural measures rely on
those functions to perform—the performance
of those existing FRM functions should be
quantified. For example, if a levee is fronted
by a wetland, the levee toe is protected by
the wetland, and the benefit of that wetland




should be quantified in the analysis of the levee's performance and reliability. If these benefits are
not quantified, the only provisions for their continued conservation and maintenance are related
to avoiding adverse environmental impacts, which may not be adequate to ensure their long-term
sustainability.

Optimizing NNBF performance and determining best NNBF practices for specific locations or
stressor scenarios require clear conceptualization of project actions and outcomes. Performance
measurements are, therefore, a constantly evolving process, and form a key component of an
effective adaptive management strategy.

Source-Pathway-Receptor-Consequence Model for NNBF with Connections
to Performance Categories and Metrics

Hazard Pathway

Receptors
(Homes/Industry)

[ |
Hazard Wave Height Inundation oo ].E\_‘
Source ttenuation Reduction— =i
=1 |noop oo

Structural

Measures Damage Reduction
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Parameters
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34

Performance Assessment Requirements during the Course of an NNBF Project

Scoping |<—
k j\]\ L Implementation || Operations
Planning ™) Y
L | New Information
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[ —— .
Information N Metric Type N Performance N Data
Needed Required Criteria Required
f : —
Performance Assess
Assessment Process Performance

As we move into the future, the following steps would be ideal to advance the field of performance
measurement for NNBF projects:

« Methods and tools are needed that can better capture the dynamic nature of NNBF
performance.

- Additional work is needed on how to consider risk across project life cycles, especially in cases
where future conditions may be changing.

- Methods are required to enable consideration and quantification of the multiple facets of NNBF
performance with respect to benefit and co-benefit production.
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Benefits and Costs
of NNBF

Flooding and erosion affect vulnerable communities around the globe.
Each year from 2016 to 2018, an average of 3,400 lives were lost and
more than $30 billion U.S. dollars (USD) in damages resulted from
floods (EM-DAT 20194). Without the presence of NNBF, annual losses
are expected to increase dramatically; for example, the global annual
avoided damages due to the presence of mangroves and coral reefs
have been estimated at USD$65 billion and USDS$4 billion, respectively
(Beck et al. 2018; Menéndez et al. 2020°). The primary goals of protecting
and restoring NNBF are to reduce the risk of flooding and erosion, adapt
to climate change, and build coastal resilience. In addition to reducing
disaster risk and building resilience, NNBF can provide co-benefits that
support the development of the blue economy and address specific
societal challenges such as water security, food security, and human
health (World Bank 2017; IPCC 2019; GCA 2019; IUCN 2020¢). These
co-benefits help to support the positioning of NNBF in relation to
alternative structural measures. Recovery from the Coronavirus Disease
2019 (COVID-19) pandemic provides a strong additional rationale for
investing in NNBF because investing in nature has proven to be an
effective way to create jobs, while enhancing our natural environment,
with estimates in the United States of up to 17 jobs per USD$1 million
invested in the United States (Edwards, Sutton-Grier, and Coyle 20137).

Unlike those of gray infrastructure (e.g.. seawalls,
breakwaters, groins, and jetties), the risk
reduction benefits of NNBF historically have not
been estimated in metrics that relate to human
well-being—such as the amount of property
damage prevented, or the number of people
protected—so NNBF are often not considered on
the same terms in decision-making processes.
Comparing NNBF with structural alternatives
requires an understanding of their relative costs
and benefits, including both disaster risk reduction
and co-benefits.

Flooding and erosion risk reduction by NNBF can
be achieved via different processes depending on
the type of NNBF, including trapping sediments,
dampening waves, and storing water. Advances

in modeling have increased the capacity to value
the risk reduction benefits of NNBF. For example,
recent analyses estimate that coral reefs in the
United States provide more than USD$1.8 billion
per year in flood risk reduction benefits (Storlazzi
et al. 2019; Reguero et al. 20218). In addition, salt
marsh and mangrove wetlands reduce annual flood
risks to properties by 15% to 25% in regions across
the United States (Narayan et al. 2017; Narayan,
Bitterwolf, and Beck 2019°). Recently, global
benefit-cost ratios for protecting mangroves were
estimated at more than five to one (GCA 2019).

- /
Root of Life Mangrove Conservation in

Lal

pung Shore, Lampung, Indonesia
Source: Aldino Hartan Putra




Key Messages

NNBF provide risk reduction benefits
as well as additional co-benefits that
are all highly valued by society.

Benefits should be considered in each
phase of the project cycle.

Benefits often take time to accrue until
the NNBF becomes fully functional.

Multiple valuation approaches and
metrics can be used to qualitatively
and quantitatively assess benefits and
social vulnerability outcomes.

Different metrics and related
decision-support tools (e.g.,
cost-benefit analysis, multicriteria
analysis) may be suitable for different
stakeholders and audiences.
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Measuring and quantifying benefits
and costs are important when
comparing NNBF and structural
measure alternatives for consideration
in management strategies

and designs, as well as for the
identification of project funding and
financing.

Monitoring and evaluating benefits,
as well as ecological and physical
changes, are important for ensuring
NNBF meet the multiple needs

of coastal communities and for
communicating the benefits of NNBF
to stakeholders.

In data-poor environments, benefit
assessment can adopt participatory
and qualitative approaches, as

well as utilize secondary and Earth
observation data for quantitative
assessment and monitoring.

Guidance is needed to help practitioners

better incorporate co-benefits of NNBF into

the assessment of design alternatives for risk
reduction and into other decision-making
contexts such as habitat restoration and coastal
management. These co-benefits include habitat
for fisheries, opportunities for tourism and
recreation, carbon storage and sequestration,

and human health benefits (Barbier et al. 2011™).
Assessing co-benefits is also important for
anticipating trade-offs and potential impacts to
target resources, and for establishing a vernacular
through which multiple agencies and stakeholders

can define shared objectives and support the
development of performance standards that
capture economic, social, and ecological outcomes
of implementing NNBF (NSTC 2015%).

In these guidelines, benefits are
divided into the following two
categories:

Risk reduction and resilience
benefits. These are the risk reduction
properties of NNBF, specifically

flood protection and erosion control.
Flood protection is achieved through
(storm) water absorption through
infiltration, flood storage, or wave and
surge attenuation. NNBF can help

to build and stabilize shorelines and
riverbanks, thus reducing erosion.
NNBF are often a more resilient
solution because they are able to
adapt to changing conditions such as
sea-level rise or land subsidence.

Co-benefits. These are defined as any
other relevant benefit derived from
NNBF. For example, the co-benefits

of NNBF include habitat for fisheries,
nature-based tourism and recreational
opportunities, carbon storage and
sequestration, and human health
benefits. Co-benefits are highly
specific to each type of NNBF.



Model for NNBF with Connections to Performance Categories and Metrics

NNBF Approach

(

Protection = Management

)

Restoration

Example Natural Features

Mangrove Coral Reef

Risk Reduction
and Resilience
Benefits
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Wetland

Co-Benefits:
Habitat and
Biodiversity
Outcomes

Common approaches to NNBF and their
interconnectivity to the performance
categories and metrics are illustrated in the
figure in the previous page, with protection or
preservation of the natural system being the
primary focus. All interventions and structural
measures, both hybrid and NNBF, involve
analyzing costs and trade-offs throughout the
project life cycle. For NNBF to be considered
as alternatives to, or in combination with,
structural measures such as seawalls,
bulkheads, and levees, it is necessary to also
analyze their costs and potential trade-offs.
The following are the main costs in the total life
cycle of a typical NNBF project:

Planning costs
Design and permitting costs

Costs of the land required for the project,
including opportunity costs

Costs of creation, protection, or restoration

Costs of maintenance and monitoring

Recent years have brought growing interest,
research, and case studies related to NNBF for
flood risk reduction and co-benefits, bridging
the gap between environmental economics,
hydrology and hydrodynamic modeling,

and sustainability science. Quantifying

the social and economic benefits of NNBF
continues to be an active area for research
and an opportunity to test new strategies for
implementation and monitoring.

Y

Indicator-Based Approach to
Assessing Societal Benefits

There are four core steps to an indicator-based
approach to assessing societal risk reduction
and co-benefits provided by NNBF, as follows:

Step 1. Choose a set of societal indicators.
Examples of indicators are key infrastructure
(e.g.. roads, schools, and hospitals) that
stakeholders would want to benefit from

risk reduction, as well as ecosystems and
demographic groups that may be particularly
vulnerable to coastal or fluvial hazards. The
following are some important questions to ask:

Does the indicator reflect the changes in
NNBF ecological condition in units that are
relevant to the benefit and beneficiaries of
interest?

Does the indicator capture relevant physical
and institutional access constraints on the
flow of the benefit from the NNBF?

Step 2. Develop a causal chain linking the
influence of an action or scenario with its
impact on the NNBF, the function of the NNBF,
and the change in societal benefit.

Step 3. Apply a coastal or fluvial hazard index
that includes or could be modified to include
the role of NNBF, along with other key variables
that influence risk from flooding and erosion,
including shoreline geomorphology, wave




power and direction, sea-level rise, storm
surge, and elevation. Use the hazard index

to identify areas most at risk from coastal or
fluvial flooding and erosion. Then estimate the
influence of NNBF on exposure from coastal
or fluvial hazards by calculating exposure to
those hazards with and without the protective
role of NNBF included in the hazard index.

Step 4. Combine results from the coastal or
fluvial hazard analysis with maps of social
indicators (e.g., critical infrastructure and
vulnerable populations) to estimate the
number of people and amount of critical
infrastructure at risk from coastal or fluvial
hazards with, compared to without, the risk
reduction benefits from NNBF.

Opportunities and priorities for future work
include the following:

Need to account for the fragility of NNBF to

the fluvial or coastal hazard in a quantitative
way (i.e., development of fragility curves).

Learning from a growing body of practice of
NNBF projects, a better alignment between
financing models for NNBF and benefit
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assessment methodologies is a priority.
NNBF can be financed or co-financed
through bonds, insurance, public-private
partnerships engaging the tourism sector,
carbon offsets, and global funding streams
for climate mitigation and adaptation.

Bringing these approaches to scale will
go hand-in-hand with the development
of improved benefit assessment
methodologies to unlock funding and
financing.

There is a growing global momentum

for bringing the application of
ecologic-economic models and natural
capital accounting to scale (Dasgupta 2021;
Johnson et al. 2021%). New methodologies
need be to be developed to accurately
reflect the risk reduction and co-benefits of
NNBF in coastal, fluvial, and island natural
capital accounts.

CHAPTER 7

Adaptive Management

Adaptive management is an iterative decision-making method
that can be used to reduce levels of uncertainty and risk in
predicting and achieving desired results by using NNBF or
structural solutions. This iteration can aid project optimization by
enabling designers to avoid, in the initial stages, “overbuilding”
to account for uncertainty because the adaptive steps (measure
and monitor, refine and adapt) facilitate future adjustments or
enhancements, as necessary.

Coastal and fluvial systems are flexible and dynamic systems.
The use of NNBF couples the physical and ecological systems
with the social system, thereby capturing the complexity of
interactions between the systems. Future uncertainties, as well
as existing data and knowledge gaps, can limit the ability to
predict the functions and response to management actions of
both systems. Specifically, interactions among and between the
various aspects of the hydrodynamic, morphologic, ecological,
economic, and social landscape currently and in the future of

a dynamic and ever-changing environment (e.g., sea-level rise)
become more variable. This increased uncertainty in outcomes
reduces levels of certainty in making science and FRM predictions
for both NNBF projects and more traditional (structural) flood risk
reduction projects.




Key Messages

1.  Adaptive management is an essential 4. Reflectand Adapt. Adaptive
process for addressing and reducing management provides a structured
uncertainties in structural and NNBF and i.nfor-m.ed decision-making process NNBF Adaptive Management Process Model
projects in a phased implementation. that is critical to manage unexpected
NNBF involve complex, dynamic and unintended outcomes and that Use and Management of
environmental and social processes enables managers and stakeholders Natural Resources
with varying uncertainties. Adaptive to take timely corrective or adaptive
management addresses these actions. Adaptive management
uncertainties to optimize risk should be used throughout the
management while taking advantage planning, design, construction, and External External
of the flexibility of NNBF. post-construction project phases. Drivers Natural Drivers
Economic . Land Change
2. Improved Outcomes. By reducing 5. Continuous Improvemgl?t. Adaptive Conditions Adaptive Env;‘::tt:‘ntal Climate Change
uncertainties over tlij, adaptive ma}nagement has the a.blllty to make Values and Managemerit Landscape Atmosphere
management can modify NNBF adjustments to the project throughout Norms and Governance _ Ocean
to improve their performance and its life cycle to meet or improve Social Equity Water Quality
facilitate attainment of the desired expected outcomes and benefits Demographics Ecology Human
benefits. at either the project or system level gra Geology Alterations
and to inform future projects for the VU'”?rab”'t_Y and
3. Flexibility. While acknowledging benefit of the social and environmental Risk Policy
factors that cannot be controlled, systems.
adaptive management focuses on
those project aspects that can be 6. Communication and Commitment. Delivery of Ecosystem Goods and Services
controlled or adapted to increase Leadership and stakeholder groups Including Flood Risk Reduction
flexibility in project design over time to play a critical role throughout the
achieve desired project performance. entire adaptive management process

through commitment to long-term
monitoring and assessment and a
transparent and responsive process.
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Benefits of Investing in
Adaptive Management

Reducing Life-Cycle Project Costs

Reduces up-front costs by allowing
management of unknowns over time

Saves cost by not overdesigning up front,
while providing the ability to adapt the
design over time, as needed, sustaining
project life span and benefits

Optimizes operations and maintenance
costs over time

Reducing Risk and Improving Outcomes

« Improves outcomes and robustness by
using adaptive actions over time
Allows phasing of projects, instead of
needing to minimize uncertainties up front
Provides flexibility to change direction or
adapt overall strategy

Allows acceptance of risk to innovate with
confidence where uncertainty and risk are
addressed over time

Facilitates environmental permitting,
acknowledging uncertainties regarding
impacts

Enhances ability to meet multiple objectives
and benefits over time

Improves design life via asset resilience

Adapting to Improve Knowledge

Improves future work through lessons
learned from ongoing projects

Enhances knowledge about performance of
features through monitoring and evaluation

Quickly builds knowledge of system
functionality and performance by accepting
risks early during planning and design
phases

Leads to more innovative design by
evaluating new technologies in the field

A number of items can pose challenges

when implementing adaptive management,
which has led to some successes and some
failures. Some of the overarching challenges
are obtaining consistency in adaptive
management definitions and frameworks;
leadership and stakeholder acceptance;
shifting baselines (which make it hard to
assess project performance); risk management
(including regulatory constraints and desire for
front-loaded analysis); and funding challenges,
especially formulating a process for long-term
funding, once the project has been completed.
These will continue to be the focus of future
research studies.

Case Study: Glen Canyon Dam (Arizona, United States)
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Source: usbr.gov 2021

The significant levels of uncertainty surrounding the resources of the Colorado River ecosystem
and the effects of dam operations on those resources led to the creation and implementation

of the Glen Canyon Dam Adaptive Management Program. From its inception, the Glen Canyon
Dam Adaptive Management Program has developed and implemented research and monitoring
to analyze impacts and build a knowledge base of dam operations on the Colorado River

and its downstream resources. This emphasis on active adaptive management via scientific
experimentation has enabled the program to measure and monitor resource responses in the
Colorado River ecosystem. With time and maturity, these experiments have grown from a single
focus on dam releases to also looking at flow and nonflow action. A variety of stakeholders

have interests in the ecosystem, including federal and state agencies, Native American tribes,
the Colorado River Basin states, electrical utilities, and recreational and environmental groups.
Stakeholder representatives participate in the official federal advisory committee—the Glen
Canyon Adaptive Management Work Group—and develop operations recommendations for the
Secretary of the U.S. Department of the Interior on how to best protect the resources and meet
legal requirements. A subgroup comprising technical representatives—the Glen Canyon Technical
Working Group—develops research questions, criteria, and standards for monitoring and research.
Independent review panels comprising individuals not participating in long-term monitoring assess
the quality of science conducted by the Glen Canyon Dam Adaptive Management Program and
make recommendations for improvement.
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CHAPTER 8

Introduction to NNBF
in Coastal Systems




Key Messages

1.

There is a need to support and manage the coastal landscape
that provides the foundation for flood risk management (FRM).
This landscape physically provides a risk mitigation function in
its own right, supports the maintenance of structural measures,
or limits the impact of waves or storm surge on those measures.
Management of the associated sediment and ecology should
reflect the relevant ecological or sediment system, commonly
divided for the purposes of management and analysis into a
nested or hierarchical set of units.

The immediate focus of FRM tends to be either side of the
coastline, normally defined in relation to mean high water level,
with a concern to limit the risk to the people and property in the
hinterland from flooding and coastal erosion. This often involves
maintenance of an FRM system that could either be a single-line
system (e.g., a wall or a levee) or a multizoned, cross-shore
system with both structural and NNBF elements.

The coastal environment is subject to continual change, which
may be cyclical or continuous, including, in particular, the
following:

- Wave and water level forcing are known to be nonstationary
(e.g.. relative sea-level rise and fall, changes in storminess).

« Profile and condition of the defense line may deteriorate
or improve.

+  Number of people and amount of development of property
behind the defense line are frequently growing.
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The following coastal NNBF are discussed

in subsequent chapters, with a focus on

the specific feature, conceptual system
understanding, performance metrics,
design and construction considerations, and
long-term monitoring aspects:

- Beaches and dunes
Coastal wetlands
Islands

Reefs

Submerged aquatic vegetation (SAV)

In seeking to apply any of these measures for
flood and coastal risk reduction, it should be
recognized that there is a spectrum in the
maturity of knowledge and understanding
about their application. An example of a
mature and well-accepted measure is beaches
and dunes, which have provided protection
to coasts (whether managed or not) for
many years in ways that are relatively well
understood. An example of a less-mature
measure in terms of the understanding of its
coastal risk reduction is SAV.




CHAPTER 9

Beaches and Dunes

Coastal beaches and dunes are valuable to FRM because
they can dissipate wave energy, can trap sediments, and
have the potential to grow with rising sea levels—they are
vital NNBF.

For beach and dune systems, the design should align
with the original beach and dune as much as possible.
Care should be taken to mimic or re-create the natural
conditions of the shoreline as far as possible to let
nature do most of the work and reduce maintenance
requirements. For example, place sediments where
winds, waves, and tides can assist in transport for beach
and dune building. Whenever feasible, the design of
beaches should allow a degree of profile dynamism by
focusing on beach slope, volume, and width as primary
design parameters, rather than attempting to create a
static system.
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 Naturally Vegetated Dunes at Cape May Beach;
- NewJersey, United States 3
TR * Source: Anchor QEA




Key Messages

1. Beaches and dunes are inherently dynamic systems that reduce
land loss and inundation risk of the hinterland while providing high
amenity and environmental benefits.

2. The development of sustainable and cost-effective beach and
dune measures requires a cross-disciplinary approach. Essential
disciplines include engineering, coastal geomorphology, ecology, and
governance.

3. Understanding the past, present, and possible future physical
system dynamics—more specifically, sediment budgets, associated
hydrodynamics, sediment dynamics, and interactions with ecological
systems—is critical for determining the scale and feasibility of a
given project.

4. It is essential to consider past and future scenarios, notably the
effects of socioeconomic developments and climate change
impacts, such as sea-level rise and possible changes to frequency
and intensity of storms, when designing beaches and dunes.

5. Thedesign of beach and dune NNBF should include management
requirements, strategies, and associated monitoring needs.

6. Planto let nature do most of the work when managing or
implementing a beach and dune system as NNBF for coastal
resilience.
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Beaches are one of the most dynamic coastal
geomorphic landforms. They constitute a
natural transition zone between land and sea,
are an amenity and an economic resource, and
provide habitat for diverse species. Beaches
are situated on the interface between dry
land and the sea and are actively affected

by hydrodynamic processes and wind (CIRIA
2010%). Their spatial limits are not fixed and
will change at a range of different timescales.
One possible set of spatial extents, according
to Davis (1985%), is the uppermost limit of
wave action and the low tide mark, comprising
the backshore and foreshore of the coastal
profile. The foreshore usually has a steep
slope and is the most active part of the beach.
The development and width of beaches are
largely controlled by the slope of the inner
shelf and coastal area, abundance and
composition of sediments, tidal range, and
wave energy (Wright and Short 19847). The
zone immediately landward of the beach (the
hinterland) should be considered along with
the beach when designing NNBF. When present
or planned for, dunes are an integral part

of a sandy coastal system. Dunes are
accumulations of windblown sand starting on
the backshore, usually in the form of small hills
or ridges, stabilized by vegetation or control
structures (CIRIA 2010%). They occur where
sand from the beach dries out at low tide and
is transported inland by wind and deposited in
the hinterland, where specialized vegetation
may subsequently colonize the sandy deposits.
Dunes form a necessary temporary store of
sediment that can be reclaimed by the sea
during extreme events, helping to buffer
against the erosion of the beach naturally.

The size and shape of dunes are a function of
climate, geology and geomorphology, wind and
wave regime, and tidal range (Davidson-Arnott
2010"). Ecologically sustainable beach

and dune systems require healthy habitat
conditions (including a feeding beach and
foreshore) and supporting processes to

be in place. Once these conditions exist,
colonization by appropriate flora and fauna is
likely. Additional dune-specific considerations
include promotion of natural vegetation and
features, whenever possible.




Rijkswaterstaat (the agency responsible for the design, construction,
management, and maintenance of the main infrastructure facilities in
the Netherlands) carries out regular assessments of the Dutch beaches
and dunes coast to support the dynamic maintenance of the Dutch
coast. Every year, the sedimentation and erosion trends for each coastal
transect are determined. Large-scale and long-term sedimentation and
erosion trends are assessed every few years for the coastal system and
its subsystems.

Most parts of the Dutch sandy coastline are surveyed annually with
single-beam echosounders and lidar equipment. The surveys result in an
annual dataset with harmonized transect profile data from approximately
10 meters below to 10 meters above mean sea level (MSL). The Dutch
coastal monitoring database JARKUS (JAaRlijkse KUStmetingen, Dutch
for “annual coastal measurements”) contains yearly surveys since 1965.

Each year, the current volume trend between approximately 5 m below
and 3 meters above MSL is calculated and assessed to a reference
coastline. The result of this assessment forms the basis for the Dutch
national beach and shoreface nourishment scheme. An online map
and book (Rijkswaterstaat Coastline Map Database; Rijkswaterstaat
Kustlijnkaarten 1992-20202°) provide the results of this assessment.
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Beaches and dunes are coastal landscapes that can gradually adapt to, for example, sea-level
rise when supplied with enough sediments and given space to adjust. In locations where this
accommodation of space is limited and NNBF are maintained within a narrow spatial envelope,
the approach is effectively prolonging the time before other strategies are implemented including
coastal retreat, hybrid or hard defenses, and relocation of vulnerable receptors is necessary.

Methods such as the Dynamic Adaptive Policy Pathways approach, communities of practices

such as Climate Risk Informed Decision Analysis, and adaptive management of beach and dune
projects support decision-making and adaptation over time as the uncertain future unfolds. In
locations where cost-benefit analysis indicates that maintaining the beach and dune feature in situ
is no longer a viable option, it will be necessary to explore options to relocate vulnerable people,
properties, and infrastructure inland. Integration with existing spatial and land-use planning tools
will be essential in this endeavor.

Area West of 61st Street (Babes Beach) before and after the 2015 Galveston,
Texas (United States) Beneficial Use Project

o

Source: Coraggio Maglio, U.S. Army Corps of Engineers

The top photograph was taken before the project, and the bottom photograph was taken after the project was
completed.
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Example NNBF Application in a Sandy Beach
and Dune System, Texas, United States
Source: Texas Department of Parks and Wildlife




CHAPTER 10

Coastal Wetlands and
Tidal Flats

Coastal wetlands and intertidal areas are valuable
because they can dampen wave, surge, and current
energy, trap sediments, and, in the correct settings,
be self-sustaining under rising sea levels and other
pressures. These features also provide co-benefits—
benefits other than those related to FRM, such as
fish production, filtration of pollutants from upland
runoff, water quality mediation, recreation, and
carbon sequestration.
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Key Messages

Coastal wetlands and tidal flats can reduce flood and erosion risks in
coastal environments. They do this by raising bed levels and offering
greater frictional resistance to the movement of water, which can
reduce both waves and surge.

Coastal wetland and tidal flat NNBF projects can include the
conservation of existing wetlands, restoration of degrading or
degraded wetlands, or construction of new wetlands. In urban
environments where there is limited space, wetland NNBF may
involve creating more limited extents of features (e.g., using
terracing) to reduce erosion and partially attenuate waves. Wetland
NNBF approaches may also be combined with other structural (e.g.,
nearshore breakwaters, levees) or NNBF measures (e.g., reefs, upland
vegetation communities).

Wetland NNBF performance is largely controlled by location,
coastline geometry, and storm characteristics.

The ability of salt and brackish marshes and mangroves to reduce
wave heights is particularly well documented through modeling,
laboratory, and field studies. Significant wave reduction can occur
within relatively narrow feature widths. Wave reduction depends on
several factors such as topography, vegetation characteristics, and
characteristics of the storm events (e.g., water level, wave height,
wave period).

The reduction of surge water levels requires greater wetland size and
extent. These reductions occur at both local (across the width of the
features) and wider (e.g., along the length of an estuary) scales.

10.

Coastal wetlands can also be used as flood storage areas to reduce
water levels in estuarine environments, but their efficacy depends on
the location and design.

Coastal wetland and tidal flat NNBF projects can draw upon the
extensive experience in the restoration of marshes and mangroves,
which has led to the creation of thousands of hectares of features
worldwide over the last few decades. Wetland NNBF are a subset of
wetland restoration, which aims to achieve primary goals in flood and
erosion risk management.

In the correct setting, coastal wetland and tidal flat NNBF have

the potential to be self-maintaining over time. For example, with
sufficient sediment supply, mangroves and marsh features may
accrete vertically with sea-level rise. Wetland NNBF also require other
suitable environmental parameters to be met (e.g., salinity, tidal
inundation).

Wetland NNBF projects should consider where they are expected

to persist now and into the future, in addition to where they were
located in the past. As coastal conditions change, historical wetland
locations may be or become unsuitable for wetlands.

The performance of wetland and tidal flat NNBF projects may
vary over time as vegetation establishes and develops. Designs
should consider likely storm damage, recovery, and maintenance
requirements.



Wetland NNBF Projects of All Types Can Be Implemented at the Scale of an Estuary

Conserve Existing
Wetlands

Managed
Realignment Site
(Levee Breach)

Island with
Wetland Fringe

64

Expand Footprint of
Existing Wetlands

Construct New
Wetland

Although FRM functions of coastal

wetlands are often cited as a benefit of
wetland restoration, relatively few studies
systematically quantify costs, benefits, and
co-benefits of existing and restored coastal
wetlands. A regional assessment of the value of
wetlands across the eastern and Gulf coasts of
the United States provides USD$3,200 (2004)
per hectare in avoided damages annually
(Costanza et al. 20082"). A more recent study
of marsh and mangrove wetlands found a 1%
loss in coastal wetland coverage resulted in a
0.6% increase in property damages, including
increased damages from wind (Sun and
Carson 202022). Over a 30-year period, the
expected value of storm protection from
coastal wetlands is on average (the mean
value) USD$36 million per square kilometer,
with a median value of USDS2 million per
square kilometer. The difference in the mean
and median values indicates wetlands in some
locations may provide a large marginal value,
emphasizing the role of location on coastal
wetland function with respect to FRM.

Other studies used insurance industry models
to quantify the value of coastal wetlands

for FRM. Narayan et al. (20172%) showed

that the presence of coastal marshes in
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Ocean City, New Jersey, United States, on
average reduced flood damages by 16%
annually. Regionally, the effects of wetlands for
a single storm, Hurricane Sandy, were mixed,
with wetlands reducing damages on average
by 11% in zip codes that were flooded, although
wetlands increased damages in some areas
and provided little benefit in urban areas with
very little remaining wetland area. Generally,
states with the greatest wetland cover (i.e.,
Virginia, Maryland, Delaware, and New Jersey)
within the model domain observed the greatest
reduction (approximately 20% to 30%) in
damages from Hurricane Sandy. Using similar
modeling approaches, mangroves were found
to reduce flood damages by 25.5% annually in
Collier County, Florida, United States (Narayan
et al. 2019%%). During Hurricane Irma in 2017,
mangroves reduced damages an average

of USD$7,500 per hectare. Where existing
wetlands are insufficient in area or quality to
provide the desired FRM function, wetland
restoration or creation projects are required.




Although the number of studies of wetland

NNBF benefits and implementation examples

is growing, some questions still remain. These
issues are not insurmountable and should not
preclude consideration of wetlands as part of a
comprehensive FRM approach. However, additional
studies on the following would further advance

the practice:

« More field and modeling studies should
address the long-term stability and, thus, the
cost-effectiveness of restoration projects
compared to other nonstructural and structural
measures.

« Future studies should use a consistent
cost-benefit framework that accounts for
the full array of benefits, co-benefits, and
life-cycle costs so studies can be compared and
replicated.

+ The knowledge base of wetland NNBF
performance should be further developed so
potential efficacy of wetland NNBF projects
under different conditions can be better
understood.

« Methods and tools are needed to quantify
the system-scale benefits and co-benefits of
wetland NNBF and the linkages between wetland
NNBF and other measures.
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Restoration of the Historical
Cat Island Chain, Wisconsin, United States

Source: U.S. Army Corps of Engineers




Key Messages

Islands are proven to deliver coastal
resilience benefits, especially as

part of a multiple-lines-of-defense
strategy. Islands can be effective in
areas where other, land-based NNBF
are not feasible (e.g., urban areas).

Islands can simultaneously provide
multiple services, including storm
surge reduction, wave dissipation,
erosion control, dredged material
management, safe navigation and
safe harbor, ecosystem diversity,
recreation, and commercial
opportunities.

Island features may have a regional
influence and, therefore, must be
placed in the regional context. For
example, islands that provide coastal
resilience benefits will significantly
influence circulation, sediment
transport, water quality, waves,

and habitat within their domain of
influence.

Islands may be multihabitat features;
therefore, guidance from previous
feature chapters may apply here. For
example, large islands often include
beach and dune, wetland, and upland
plant community components.

Habitat trade-offs are inevitable—
island construction almost always
involves changing habitat types
from subtidal to intertidal and
supratidal. Short-term impacts must
be considered within the context of
long-term ecosystem co-benefits,
especially within the context of
sea-level rise.

The complexity of physical processes
at island NNBF settings, coupled
with limited case studies for some
conditions, results in significant
uncertainty and risk during the
construction process. Experienced
contractors, capable of adaptively
managing construction, are required
to reduce risk and meet project goals

within cost, regulations, and schedule.

Islands are typically dynamic features,

and, therefore, their success in
achieving predefined objectives and
observed metrics may fluctuate or
change over time.

Barrier Island Setting and Key Features

<—— Mainland
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- Example

The Marker Wadden in the Netherlands, a Good

of the Construction of a Partly Muddy Island

Natuurmonumenten (Dutch Nature Conservancy)

L —

Islands serve multiple functions, including

storm surge reduction, wave dissipation, erosion
control, dredged material management, safe
navigation and safe haven, ecosystem diversity,
wildlife habitat, recreation, and commercial
opportunities. Islands often comprise multiple
habitat types (e.g., reef, beach, dune, upland
plant community, wetland, and SAV bed) and
have a hydrodynamic footprint that influences
the formation and protection of adjacent coastal
habitats. Islands are a critical element in the
multiple-lines-of-defense strategy, in which
multiple features, in a sequence, from offshore
to onshore, provide greater coastal resilience
benefits than a single feature. For example,
overwash and windblown sand can nourish
dunes and marshes on the back side of islands,
and the protective environment in back bays

can facilitate the formation of beds of SAV, salt
marsh, and other habitat that requires protection
from large waves. In turn, SAV beds, salt marsh,
and dune vegetation interact with, and can

exert a strong influence on, the hydrodynamics
and morphology of barrier islands and back-bay
systems through biostabilization of sediment and
wave attenuation. Back-bay marsh subsequently
reduces loss of beach and dune sediment during
overtopping or high wind events. However, most
studies focus on the benefits of single habitat
types like wetlands, coral reefs, or mangroves.

Islands may be an efficient and cost-effective
FRM measure, where other shore-based
solutions are not feasible or are ineffective (e.g.,
high-energy areas or urbanized shorelines),
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especially in areas near navigation channels,
where clean dredged sediments are available
for construction and maintenance. Many islands
are atrisk due to sea-level rise, subsidence,

and inadequate sediment supply such as in

the Chesapeake Bay, eastern Canada, and
along the Gulf Coast of the United States. If
evolving conditions are captured in design and
maintenance—considering processes such as
sediment budget (source and net transport),
expected sea-level rise, and island nourishment
requirements—resilient island features can

be created.

The following are some of the recommendations
for future work to advance the utility of islands
as NNBF:

+ Research on the potential combined,
complementary effect of multiple habitat
types from offshore to onshore in terms of
both short-term and long-term protective
benefits is required to justify larger NNBF
projects such as islands.

+ Quantitative studies on island areas of
influence are required to address habitat
switching issues and potential impacts of
island restoration.

Innovative practices and field experimentation
should be encouraged.




CHAPTER 12

Reefs

Coral and shellfish reefs can reduce flooding and erosion in
coastal areas, but not all reefs provide significant coastal
protection benefits. For many reef-lined coasts around the
world, reefs act as the first line of defense against flooding,
storm damage, and erosion. However, the various ways in
which reefs provide coastal protection are not always fully
recognized and accounted for, in part due to the historical
focus on understanding and predicting flooding and erosion
impacts for certain open-coast sandy shorelines lacking reefs.
Yet, understanding the coastal protection services of reefs
and assessing how they can reduce risk are critical because
reefs will need to be effectively incorporated into climate
adaptation programs, hazard mitigation strategies, and coastal
development and management decisions. Reefs also provide
several co-benefits, including fisheries production, habitat and
biodiversity, recreation and tourism revenue, and improved
water quality.
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Key Messages

1.

Reefs provide many ecosystem
services, such as fisheries, recreation,
and tourism. One of the most
important services is protection from
coastal flooding and erosion.

By protecting coastlines from wave
energy, natural coral and shellfish
reefs can provide similar levels

of coastal protection to artificial
submerged coastal engineering
structures.

Healthy reef ecosystems provide
greater benefits to coastlines than
simply reducing wave energy because
reef organisms also produce calcium
carbonate material that can eventually
be a source of sand nourishment.

In contrast to engineered coastal
structures, natural and engineered
reefs can be self-sustaining
ecosystems, meaning that healthy
reefs can, in some cases, continue to
grow and maintain a structure that can
protect shorelines without assistance
from humans and keep pace with
sea-level rise.
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The geometry and placement of a

reef governs its capacity for flood and
erosion reduction by determining how
it modifies nearshore wave and current
fields, and shoreline responses.

The design and construction of a reef
NNBF should aim to mimic the natural
geomorphology of a pre-existing

or existing reef platform to favor
biological growth, and materials used
should be similar to those present in
the surrounding environment.

Quantifying and maintaining the role
of reefs in reducing coastal flooding

and erosion should be factored into

long-term coastal development and
management strategies.

Maintaining the structural and
biological benefits of reefs can be
challenging in the context of global
environmental change; thus, adaptive
management is needed to support
reef resilience and responsive
decision-making.

The Value of Hawai‘ian Reefs for Flood Risk Reduction

¢ Each kilometer of these highlighted reefs provides over
THE M“-LION DOLLAR REEFS OF O AHU one million dollars in flood protection benefits each year.

$12.1M

BRIV,

100-year flood level (feet) with reef loss

0 2.5 5 7.5 10

Source: Adapted from Reguero et al. 2021 by Jessica Kendall-Bar and Chris Lowrie, University of California, Santa Cruz.

Note: The highlighted reefs around O‘ahu all provide greater than USD$1 million in expected flood reduction benefits per kilometer
per year. The values in the figure are the sum of the annual expected benefits for reef sections that are several kilometers long.
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Natural and artificial reefs provide coastal Hybrid Reef Structure Using

; ; : ; Rock-Filled, Metal-Rebar Baskets
p.rot.ectl.on an.d risk reduct.lo.n se.rwces by Mounted onto the Degraded
dissipating wind waves originating from the open Fringing Coral Reef Crest at
ocean as the waves propagate over shallow and Grenville Bay, Grenada
rough reef structures. Healthy coral reefs, for This photograph shows the surface
example, often dissipate most incident wave ofia single metal-rebar basket with
energy before the waves reach the shore. This a varietgoffiatiffaliyrecruited. corai

i . colonies; crustose. coralhne algae,

wave-energy buffering reduces risk to coastal and associated organisms 3 years
communities by wave-driven coastal flooding and after installation.

associated losses. Recent research shows that the

cost of annual damages from flooding would likely
double without coral reefs (Storlazzi et al. 2018,
2019; Beck et al. 2018; Reguero et al. 2019%).

The effectiveness of reefs to attenuate wave
energy and protect coastlines depends on their
size, orientation, elevation, and location relative
to shore, as well as tidal range, among other
characteristics. One of the most important
characteristics that governs coastal protection is
the elevation of the reef crest (i.e., the shallowest
part of a reef) relative to sea level. The capacity
of a reef to dissipate wave energy decreases as
the elevation of the reef crest becomes deeper.
For instance, for subtidal shellfish reefs found
in deep water, their coastal protection services
are often less, because most of the wave energy
is transmitted to the shoreline. Tidal variations
and other sources of sea-level variability can
also greatly diminish the effectiveness of reefs
to dissipate wave energy when water levels are
high. For natural coral and shellfish reefs, reef
degradation can also reduce the elevation and
roughness of a reef structure over time and thus
also reduces their ability to protect shorelines.
‘ N
«“Shellfish Reef Pilot Project Using
Pacific Oysters as Shoreline Protection

(Eastern Scheldt, the Netherlands)
Source: T. Ysebaert, Wageningen Marine Research




Conventional approaches to mitigate coastal
erosion rely on constructing engineering
structures, yet natural coral and shellfish reefs
can often provide comparable protection.
Furthermore, the effect of reefs on sediment
transport can also have similar effects to
other natural and engineered structures

that promote the stability of shorelines. For
example, healthy coral reefs can maintain
shorelines in a stable equilibrium, similar to
natural headlands and engineered breakwaters
in many pocket beaches around the world
(Hsu et al. 2010%), whereas the degradation

of reefs can alter wave and current patterns,
leading to areas of chronic coastal erosion and
enhanced flooding. In contrast to engineered
coastal structures, natural and artificial reefs
can be self-sustaining ecosystems, meaning
that healthy reefs can, in many cases, continue
to grow and maintain a structure that can
protect shorelines without human intervention
(Reguero et al. 20182%). For example, research
indicates that the vertical growth rates of
unharvested oyster reefs are faster than
predicted rates of sea-level rise (Rodriguez et
al. 2014%%), meaning that they could maintain
their coastal protection benefits in the face

of climate change and adapt to sea-level

rise in contrast to conventional engineering
structures (Grabowski et al. 20123°). However,
reef degradation may reduce their ability to
keep up with sea-level rise (Perry et al. 2018%");
for example, for coral reefs to maintain their

coastal protection benefits, they must continue
to accrete calcium carbonate structures by
maintaining the health of calcifying reef
organisms that build reefs.

In addition to directly reducing wave energy,
both coral reefs and shellfish reefs often play
less recognized critical roles in protecting and
facilitating the establishment of other coastal
habitats. For example, wave attenuation by
coral reefs often allows tropical seagrass beds
to form in protected lagoons, mangrove forests
to form along coastlines, and beach and dune
systems to be established. Because seagrass
meadows and mangroves also attenuate
wave energy and trap sediments (Duarte et

al. 2013%?), reefs may also act synergistically
with other forms of NNBF to further mitigate
risks of coastal flooding and erosion (Guannel
et al. 2016%3). Similarly, by buffering waves

and improving water quality, shellfish reefs
can provide suitable conditions for salt
marshes and temperate seagrass beds. These
associated benefits of reefs greatly increase
overall protection services of other ecosystems
in their lee (Alongi 2008; Christianen et

al. 2013%%). Thus, multiple layers of natural
protection may be the most effective strategy
when habitats are healthy, interconnected,
and working together to maximize benefits to
coastal communities (Guannel et al. 20163%%).

As discussed in this chapter, reefs can be a very
effective form of NNBF for coastal flood risk
reduction while also delivering added benefits
of ecosystem services provided by natural reefs.
Following are some of the key areas of research
needs specific to reef NNBF:

+ To scale up the implementation of NNBF,
further work is still needed to help optimize the
performance of a reef NNBF to achieve both
ecological and coastal protection benefits.

+ Agreater number of long-term NNBF
projects with long-term monitoring programs
(decades and longer) will be essential to
better understand changes to the sources
and composition of coastal sediments and the
influence on the long-term trajectories of local
coastlines.

- Technological advances are also needed to
support increased survival and fitness of
shellfish reared in hatcheries (e.g., use of
probiotics) and selective breeding programs for
disease resistance.

+ Economic studies that account for the full suite
of ecosystem benefits that natural reefs provide
are needed to incentivize the protection and
restoration of coral and shellfish reefs.

81

Oyster Restoration, Alabama, United States
Source:_Erika Nortemann;*The Nature ComServancy




CHAPTER 13

Plant Systems:
Submerged Aquatic
Vegetation and Kelp

Plant systems represent an important NNBF component
that can provide aboveground and belowground benefits.
Upland plants can modify soil stability by trapping and
binding particles (Feagin et al. 2015%¢), aboveground and
belowground plant structure can alter wave energy during
storms, and upland plants can alter wind energy and
provide land surface stability, as well as protection for built
coastal infrastructure.
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Key Messages

1. Plant systems can provide coastal protection through sediment
stabilization and wave attenuation. SAV near shorelines can
absorb waves and slow water movement, which can provide
valuable shoreline protection. Kelp beds can also attenuate
wave energy.

2. The magnitude of wave attenuation is dependent on the height
and rigidity of the canopy relative to the total water-column
height. For SAV, the protective value is maximized when canopy
height and water-column height are equal.

3. SAVcanalso provide ecological benefits, such as nursery habitat
for commercially important fish and shellfish, and water quality
improvements, such as excess nutrient removal.

q. Due to its size and ephemeral qualities, it is important to use
SAV or kelp at appropriate scales to be effective. SAV or kelp can
complement other NNBF techniques (such as beaches, islands,
dunes, or wetlands) and should be considered for use in larger
NNBF projects that incorporate multiple features. Small-scale
projects in low-energy environments are well suited for SAV and
would maximize its effectiveness in coastal protection.

5. Restoring orintroducing a plant system NNBF in conditions that
are not suitable for the habitat of interest will likely result in
failure. It is critical to match the plant system to the site.

6. SAV habitats are spatially dynamic and as a result, robust
monitoring is required to understand their condition and
health trajectory.
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Over the past 50 years, the protective role of coastal dune vegetation during storm events has
been largely acknowledged but has not been measured extensively in the field (Bruun 1962;
Edelman 1972; McHarg 1969; Silva et al. 2016%). Through their natural ability to protect shorelines
against erosion and flood risks and to grow up with long-term sea-level rise, vegetated systems—
such as beach and dune grasses, tidal salt marshes, mangroves, and seagrass beds—play an
important role in sustainable coastal flood reduction strategies and can increase the resilience
of the coast (Temmerman et al. 2013; Silva et al. 2016%8). Empirical data suggest some vegetated
habitats have the capacity to reduce wave energy substantially, with estimates of up to 40% in
seagrasses, 72% in mangroves, and 82% in salt marshes (Wayne 1975; Horstman et al. 2014; Méller
et al. 2014%°). Because plant systems themselves are subject to natural habitat succession, it is
critical to understand that functional, plant-based NNBF may not persist as a particular habitat
type in perpetuity. Habitat succession, switching, and change are all to be expected.

Coastal Plant Systems That Can Serve as NNBF
Upland Forest

Submerged
Wetland Aquatic
Vegetation

Note: Mangroves and wetland vegetation are discussed in Chapter 10. Dune vegetation is discussed in
Chapter 9. Chapter 13 discusses SAV and kelp.




Incorporating SAV or kelp in an NNBF project is
a useful option for project planners due to their
ability to reduce wave energy. Planting SAV or
establishing kelp near shorelines can attenuate
waves and reduce in-canopy currents, which
can provide valuable shoreline protection.

In contrast to many of the NNBF discussed
elsewhere in these guidelines, the benefits of
SAV or kelp for coastal protection are optimized
in relatively low-energy environments

and when used in conjunction with other
techniques. For practitioners who need to
supplement and enhance a larger coastal
protection scheme such as an island, wetland,
beach, or dune, or are in a low-energy

wave environment, SAV or kelp can fill an
important NNBF niche, providing valuable
coastal protection.

SAV and kelp can play a vital role in coastal
protection by attenuating wave energy and
reducing the current velocity in the canopy,
near the bed. The reduced hydrodynamic
conditions can influence sediment transport
in the canopy by increasing bed stabilization,
reducing sediment resuspension, and creating
an environment more conducive for suspended
sediment deposition. Where canopy height
and water-column height are equal (i.e., leaves
extend all the way to the water surface), the
wave-attenuation value of SAV is maximized.
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Kelp requires available hard substrate
(usually, rocky surfaces) for holdfast
attachment, high-nutrient conditions,

Source: Colette Cairns, National Oceanic and Atmospheric
Administration

Note: Photograph taken in Kachemak Bay State Park,
Alaska, United States.

Where canopy height is much less than total
water-column height, the movement of waters
overlying the canopy are relatively unaffected
by the presence of SAV below. In these cases,
SAV still provides a valuable service by trapping
and stabilizing sediments.

In the future, changing ocean temperatures
and sea-level rise are expected to present
challenges to coastal resiliency. If carefully
planned for, SAV can be a part of NNBF projects
that provide coastal protection in the face

of changing conditions. Data on sea-level

rise forecasts at a proposed site can allow
managers to design a project to have space for
SAV colonization and species succession as
conditions change in the future.

Collecting baseline data is crucial in informing
future decisions. Obtaining metrics for baseline
information such as beach erosion rate and
beach-profile changes would be very useful

in quantifying the contribution of SAV to
coastline protection. In projects where SAV
has been planted near beaches to prevent
erosion, using remote-sensing techniques
(Cheng, Wang, and Guo 2016%%)—such as the
lidar method and unmanned aerial vehicles—to
collect images before and after storm events
can help determine the efficacy of SAV in
providing storm protection.
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NNBF can be used in some instances to expand the environmental
and social value of existing conventional FRM structures. Conventional

Key M eS Sa g e S structural measures play an important role in FRM and may include rock

or concrete structures such as bulkheads, seawalls, sheet piling, and

floodwalls, in addition to levees and dikes that may combine earthen
and rock and concrete structures. These conventional structural
measures provide FRM benefits by attenuating flood surge and waves.
The environmental value of these conventional structures may be
enhanced through the inclusion of nature-based elements that expand
their ecological value by enhancing habitat or social benefits. Such

1. Enhancing structures through the use of NNBF can take multiple
forms, serving as a continuum of measures over broad scales and
structure types in both coastal and fluvial environments.

2. Ecological enhancements have the potential to offer multiple opportunities can occur throughout the life cycle of the structural
benefits, such as structural in the form of increased engineering measure, at the initial construction, or during repair or maintenance
design life and flood risk reduction, environmental in the form of the structure. Engaging stakeholders in the process of identifying
of ecological habitat, and societal in the form of recreational opportunities to enhance value and benefits from structural measures,
opportunities and improved well-being. including recreational benefits or improvements to habitat and water

quality, can broaden the base of support for infrastructure projects.

3. Opportunities to enhance structures can occur at any stage during Incorporation of nature-based elements can also aid project owners and
the design life of the structure, including new construction and local governments in their efforts to comply with environmental laws and

repair, maintenance, or modification of the structure. regulations.

Applying NNBF to existing infrastructure is characterized by a
continuum across many forms and scales. Simple examples in coastal
areas include the following: applying small-scale features on existing
structures to create habitat at the base of the food chain, adding large
wood to a rubble mound structural repair after storm damage along
ariverbank, reinforcing an existing aging coastal dike to reduce flood
risk and increase habitat, and adding fish passage features to existing
dam structures.

4. Theimplementability of enhancements can be increased by
identifying and quantifying the value NNBF provide so that the costs
and benefits associated with them can be compared effectively
against conventional structural measures.
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aging). Nevertheless, the concepts and guidance
provided here can also be applied to the design and
construction of new or replacement structures and
are recommended for use where standalone NNBF
measures in other chapters are not technically,
economically, or socially feasible (Naylor et al.
20174).
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Activities Associated with Enhancing Existing Conventional Infrastructure
Following the NNBF Framework

New ” ‘

Project
J NNBF Design

Conventional

DesignandBuild .. _______ (. ..~ and Build*
Green E f ‘
Gray Bl A
1
LN -’
Construction
Complete
1
v

[ ]

Decommission Replace

Monitor and Inspect

Routine Asset
Maintenance

Asset Performance
(engineering + ecological)

100% 0%

Existing
75%  AssetlLife 25%

ﬁ Repair

NNBF can be added to any point (management actions)
of an asset’s life cycle. L

Entry point to add NNBF Asset Prioritize \
’ @

*For the full figure, see the Framework Phases and Their Corresponding
Steps in Undertaking NNBF Projects figure in Chapter 2.

Notes: Discussions ideally need to take place with the NNBF team members to determine which enhancements
can coexist with the engineering purpose of the feature and when and where in the design life of a structure these
enhancements can be incorporated.

NNBF enhancement opportunities exist at various phases of a project, including at the design and build, maintenance,
and repair phases, with both new and existing assets.
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The enhancement of existing infrastructure for
environmental, social, and engineering benefits
in both coastal and fluvial environments
across multiple scales has seen meaningful
progress over the past decade. Yet, work
remains that would advance this practice

from merely occasional implementation to
being the preferred alternative. There are
several knowledge gaps and data needs that
need to be overcome to promote increasing
practice. Research needs include developing
more widely distributed documentation of
existing projects and conducting pilot studies
to establish proof of concepts (Fredette et al.
2011%?). Such pilot studies could include adding
NNBF to breakwater structures, creating
habitat on the protected sides of jetties

or breakwaters using dredged sediments,
creating shelves in channel side slopes at the
optimum depth for seagrasses, and seeding
infrequently dredged anchorages with
shellfish.

Education, training, and technical
transfer-related needs include documentation
of case studies, development of webinars and
workshops to disseminate best practices, and
coordination of site visits to observe firsthand
how innovations are being implemented in
practice. Education efforts should be promoted
because NNBF may be a relatively new concept
for some stakeholders. Just simply introducing
the idea may produce an immediate change in
how a risk manager might perceive a proposed
project. The focus is on the primary project
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objective (i.e., reducing coastal flood risk), but
NNBF introduces the question, Could we be
creative and do more for ecosystem services in
addition to serving the primary objective?

Enhanced projects that relay lessons learned
are informative and useful for applying these
concepts elsewhere. In this respect, additional
projects are needed to further demonstrate
and document that NNBF enhancements can
be successfully applied at multiple spatial and
temporal scales.

Emerging technologies should be considered
within the adaptive management framework
to improve planning and ensure the most
effective infrastructure enhancement
practices are used. Technological
advancements regularly occur in terms

of NNBF enhancement options, materials
available for construction, remote-sensing
capabilities for planning and monitoring,

and model advancement for evaluating
design performance and project siting. Novel
designs are regularly emerging for creating
habitat niches for a variety of species,
thereby promoting biodiversity and replacing
conventional hardened shoreline structures
with innovative hybrid structures (Bridges et
al. 2018, 20214%). Advancement in construction
materials expands design possibilities and
offers added value, such as reduced carbon
dioxide emissions during construction of
hardened materials (e.g., enhancing concrete
with natural materials to create Reef Balls).




Improvements to remote sensing, including
lidar-derived and real-time kinematic GPS-adjusted
topography to improve elevation data (Alizad et

al. 2020; Buffington et al. 2016**) and unmanned
aerial and surface systems that have miniaturized
payloads (e.g., lidar) offer the ability to capture
higher-resolution and more accurate data.

These detection systems can also help monitor
hard-to-access NNBF and animal populations

(e.g., birds) to better quantify enhancement
performance. The improved available data have
enabled advancements in the development

of integrated models that provide dynamic
predictions of project performance under land
management, sea-level, and storm-surge scenarios
(Bilskie et al. 2014%%). Finally, documentation

of the use of these emerging technologies will

be key to the proliferation of the most valuable
advancements.
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Schematic Overview of a Watershed Water Storage in
Atmosphere

------------------- > Snowmelt

CHAPTER 15

Introduction to Fluvial

Hydraulic Cycle Suburban Land Use
: Agricultural

Systems: Key Themes,

Modification
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Directions

The next five fluvial chapters are interconnected but can
also be read independently. They provide generalities about
fluvial systems and their connection with human use of the

landscape.
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Prairie and
Forested Wetlands
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Key Messages

1.

Applications of NNBF in fluvial
systems can reduce flood

risk by integrating hydrologic,
hydraulic, morphological,

and ecological principles.
Despite the variety in scales
of catchments, there are
common measures that apply
to all scales.

Incorporating NNBF in FRM
has, apart from reducing
flood risk, many economic,
social, and environmental
co-benefits.

Use a holistic watershed
approach to fluvial FRM—
avoid transferring risks
downstream, upstream, or to
adjacent areas.

Where possible, use nested
NNBF responses within the
watershed.

Conserve, as much as
possible, the natural features
and processes throughout
the watershed that store and
attenuate floodwaters.

Employ proactive watershed
management strategies to
minimize sediment input
into the fluvial system, while

minimizing stormwater runoff.

Formulate a plan and
involve stakeholders,
nongovernmental
organizations, landowners,
and local authorities to get
their full support.

Develop a long-term plan to
monitor specific processes
and parameters including
adaptive management.

Watersheds are the appropriate scale for
planning and designing FRM infrastructure

in fluvial systems. They comprise numerous
natural features and physical processes

that together regulate the flow of water,
sediment, and nutrients through the system.
Watersheds include forests and prairie uplands,
wetlands ranging from alpine wet meadows to
bottomland swamps, glacial landscapes, and
river channels and floodplains.

Fluvial geomorphic processes interact with
vegetation and with large wooded and
floodplain environments, and they work with
aquifers that retain and release water over
time into surface waterbodies in a process of
groundwater-surface water exchange. Fluvial
and associated floodplain ecosystems naturally
store floodwaters, dissipate flow energy, store
sediments, cleanse water, cycle nutrients, and
provide habitats and food sources for aquatic,
riparian, and terrestrial biological communities.

Watersheds often include developed urban
areas, where a combination of human-made
infrastructure and the natural environment
control the flow of water.
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Floodplain Woodland Restoration in Galesburg,

lllinois, United States
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The primary objective in applying NNBF in
fluvial settings is to reduce flood risk by
restoring, enhancing, or mimicking natural
hydraulic, morphological, and ecological
functions and processes (Lane 20174).
Although the scale and physiography of
watersheds vary, there are common reasons to
apply NNBF, such as the following:

- To capture, retain, slow, or disperse
floodwaters throughout the upper and
middle watershed, using native vegetation
where possible to capture and retain water
and sediment and to slow erosion

« To improve the connectivity and interaction
of the watercourse with the floodplain
(creating space for water and room for the
river)—especially where open spaces are
also designated floodways

- To preserve or restore sediment balance
to maintain not only stream channel
geomorphology but also floodplains
and deltas through appropriate
sediment-building processes

- To restore or maintain lowland and river
delta functions in ways that replicate or
mimic natural features or processes

Fluvial NNBF may involve enhancements,
redesigns, or realignments of existing
engineered systems—not necessarily the
wholesale replacement of structural measures.
Therefore, NNBF measures should be viewed as
integral components of the FRM portfolio that
can often enhance conventional flood-control
infrastructure.
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Opportunities to use NNBF to counteract
climate change effects need additional
research. We foresee the following areas of
development in the field of fluvial FRM:

« Improve the empirical basis for better
understanding of the performance of NNBF
measures.

+ Investinlong-term (10 years and longer)
monitoring programs (e.g., ecological,
morphological, flood risk, social support) at
the planning stage and analyze the data.

- Develop new approaches to participatory
decision-making, involving all key
stakeholders.

+ Use modeling tools for ecology, morphology,
and hydraulics and perform benchmark
studies to learn from the different models
and implement best practices.

+ Strengthen the policy and legal frameworks
to support the implementation of EWN
measures.




Fluvial Systems and
Flood Risk Management

As humans maximized not only access to rivers but also their use of the
adjoining land, they came into conflict with the natural water cycles and
processes. Floods in natural rivers (defined here as rivers unaffected or
almost unaffected by humans) are not considered to be major events or
even catastrophes. A disaster starts when the river floods areas where
there is human occupation or economic activity. In those cases, the river
is most often (but not always*’) engineered, with engineered floodplains
and confined by embankments. If there are then periods of increased
precipitation, the system will respond in the same way—floodplains are

inundated and, if the capacity is insufficient, the levees, embankments,
or walls overflow or break. It is because of this that the renowned U.S.
geographer Gilbert White said, “Floods are ‘acts of God, but flood losses
are largely acts of man” (White 19454). In the United States alone, there
are more than 23,600 kilometers of federally built or regulated levees
and floodwalls, and up to 140,000 kilometers of historical and nonfederal
levees (ASCE 2013%°).

Key Messages

Past modifications of rivers and their basins have increased the
risk of flooding. Climate change, anthropogenic features, and
land use changes have increased the stress on natural fluvial
systems and their functions, asserting more pressure on FRM
infrastructure.

NNBF help mitigate these impacts, reducing both the level of
flood risk and our dependence on engineered flood control
structures while also restoring the natural environment,
providing societal and ecological co-benefits.

As the benefits of NNBF are realized, more people are likely

to see these benefits and want NNBF implemented in their
watersheds. Monitoring and adaptive management of NNBF are
needed to demonstrate the added benefits.
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Note that storms that cause floods do not necessarily occur at the location of the flooding.
Flooding is often the result of multiple days or even weeks of precipitation falling in upstream areas
of a watershed. As water runs off into tributaries and then into the main river channel, flooding
occurs downstream of the precipitation event. Flood risks are being exacerbated by a number

of factors, including climate change (which causes increased discharges), land use changes

(e.g., urbanization, deforestation, or transforming floodplains into agricultural land), and river
engineering (e.g., construction of embankments and dams or the straightening of river stretches).

By resolving or mitigating flood risk, NNBF also provide important co-benefits and thus NNBF can
be used for reasons other than reducing flood risk (e.g., river restoration for ecological purposes)
and in those cases, will also provide additional benefits.

Elements Used to Evaluate Flood Risk for a Large River and a Small Stream
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FRM Levee System Depicting Confined Flood Levels with No Access to Adjacent
Floodplain—Example of the Extreme Changes a Levee System Can Make to a
Floodplain by Confining Floodwater to Reduce Risks to a Community

Source: Christopher Haring, U.S. Army Corps of Engineers

Note: This photograph of levees on the Upper lowa River, Decorah, lowa, United States, depicts confined and elevated
flood levels with no access to the adjacent floodplain.
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CHAPTER 17

Benefits and
Challenges in the
Application of NNBF in
Fluvial Systems

River management often involves adopting measures to modify the
planform of the river reach. For many rivers, this kind of management
already started decades or even hundreds of years ago by removing
meander bends, changing the land use of floodplains, and constructing
embankments. The river itself adapts to those changes by changing

its slope, width, and bed surface texture (Blom et al. 2017°°). The
construction of embankments often means that adaptations in river
width are limited, but slope and bed surface texture changes are still
possible, leading to incision (riverbed erosion) and coarsening. Along
with this, other issues arise such as lowering of the groundwater table,
reduction in biodiversity, and disconnection of main channels and
floodplains. NNBF can help reduce flood risk by protecting, restoring, and
emulating the natural functions of watersheds, floodplains, rivers, and
coasts (Environment Agency 2010, 2012, 2017%". In general, fluvial NNBF
categories may seek to manage one or more of the following elements:
rivers and floodplains, vegetation, rural and urban runoff, and erosion.

Key Messages

1. Measures in the past have altered river systems considerably
and have left us with multiple challenges that come from the
response of the river system to these changes. The challenges
are associated with symptoms, causes, consequences, and
benefits and co-benefits of NNBF.

2. Many challenges are related to a river system that is out
of balance, which is reflected by morphological changes
such as incision and soil erosion from land into the river and
degrading biodiversity. Most challenges can be addressed by
applying NNBF.

3. There are multiple constraints to consider when applying NNBF
(e.g.. applying a systems approach), but application also leads to
additional co-benefits.

4. NNBF can be categorized—each category has its own way
of reducing flood risk by retaining, storing, or increasing
conveyance capacity, in addition to managing natural erosion
and sediment dynamics.

5. There are NNBF best practices to consider based on individual
project characteristics. The list can be reviewed and case study
examples can be studied to determine which suite of NNBF is
appropriate for a project.
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Indicative Location of Challenges in a Catchment

€ Loss of Flora and Fauna
‘ Water Quality Degradation

& Hydropower Plants, Dams,
and Other Structures

Channel
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Land Use
Change

Saltwater
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Removal of

Floodplains and Vegetation

Wetlands
Note: This graphic places the challengesin a
catchment; however, note that there is room for

per se, bounded to specific locations. The graphic helps,
though, to get a rough idea where specific challenges occur.
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interpretation and discussion because challenges are not,

Source: Joop van Houdt, Beeldbank, Rijkswaterstaat




lllustration of One of the Challenges of NNBF,
Wetland and Floodplain near Santa Fe, Argentina

Source: Ralph Schiélé'n, Beeldbank, Rijkswaterstaat
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Example of a Benefits Wheel

Cultural Water
Activity | Quality

Aesthetic
Quality

Habitat

Flood Climate
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Low
lows
Air | Health
Quality Access
I Cultural I Supporting
I Regulating Provisioning

Note: This benefit wheel depicts visually the multiple
benefits that can be achieved through river restoration.
The wedges could be larger or smaller depending on how
well the NNBF was designed and constructed. A poorly
designed project could result in fewer benefits.




Besides providing FRM benefits, NNBF can
deliver a range of co-benefits. Although in
the past, the co-benefits associated with
NNBF-based projects typically were not
documented, it is essential to assess not
only FRM but also the full suite of social,
environmental, and economic co-benefits.
There are important factors to consider
when assessing the range of benefits from
NNBF projects. Among them are the scale

of the NNBF application, the type of project,

the features to be included, and the local or
regional influences on physical landscape
processes associated with FRM.

NNBF for FRM benefits occur across a wide
range of spatial scales. A simple example
of providing co-benefits associated with
ecological enhancements to project design
is adding natural materials to the upstream
surface of a loose-rock, riffle-grade control

structure to provide spawning habitat for fish.

The primary FRM benefits were stabilizing

the stream bed and reducing sedimentation

downstream (effectively lowering the
water-surface profile) and re-establishing
access to the floodplain to allow flood flows
to naturally dissipate energy and cycle
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nutrients and sediment across the floodplain.
The additional benefit of expanded spawning
habitat could be obtained by enhancing

an existing structure or implementing this
enhancement in a new project design.

Reintroducing floodplain connections by
removing levees is an example of a larger-scale
NNBF project. The project’s primary FRM
benefits are increased conveyance, reduction
of peak flows, and retention and attenuation

of floodwaters. Among its co-benefits are the
re-establishment of groundwater recharge
areas, nutrient recycling and sediment storage,
and ecological enhancements for riparian
functions including habitat for terrestrial and
aquatic species. Contextual watershed, valley,
slope, geologic, and other considerations
require further investigation when comparing
final benefits.

One way to visualize benefits in a reproducible
and objective way is to use benefits wheels
(see figure on page 115) that can be used to
describe the services an NNBF could deliver.
The benefits wheels are made up of 10 different
benefit and co-benefit indicators that can

be influenced by an NNBF. Each different
benefit indicator is scored on a 1-to-5 scale
according to the impact an intervention or
measure can have on it. The higher the score,
the greater the benefit. This semiquantitative
ranking indicates the relative contribution

a measure or intervention can make to

the provision of certain benefits. Scores

are assigned on the assumption that the
measure or intervention is well planned, well
designed, and well maintained. The scoring is
undertaken collaboratively by the organization
developing the NNBF project, its partner
organizations, and local community groups.
Scoring is qualitative, based on available
knowledge of the river, its watershed, and

the potential benefits of different types of
NNBF. The benefits wheels developed for

this document use the 10 benefit indicators
used by the Environment Agency (in the
United Kingdom) in its own NNBF guide
(Environment Agency 2017%2).
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There is increasing support for the use of
NNBF in reducing flood risk. Additional future
research topics include the following:

« Longer-term and higher-frequency
system-wide monitoring to improve
performance-based system understanding

- Processes that proactively explore and
consider the benefit of local context and
maximize the benefits arising from the
application of NNBF

» Studies to identify and evaluate costs and
benefits, especially co-benefits, from a
review of various types of NNBF projects

+ Need for governmental and institutional
protocols to include NNBF in their strategic
policy and tactical processes




Description of
Fluvial NNBF

NNBF can help reduce flood risk by protecting, restoring, and

emulating the natural functions of watersheds, floodplains, rivers,

and coasts (Environment Agency 2010, 2012, 2017 ). NNBF can

also provide wave attenuation by slowing the movement of water

and waves over the feature. The selection of the appropriate NNBF
requires a watershed-wide understanding of the hydrological system,
morphological and ecological processes, and history of changes that
have occurred and any societal constraints. NNBF can have the following
effects on flooding:

Retain runoff from rainfall, thus reducing the downstream flow

Increase the proportion of rainfall that infiltrates into the ground,
thus reducing the amount of runoff from rainfall and, therefore, the
downstream flow

Delay the flow of water by reducing the velocity

Retain sediments that could otherwise deposit in river channels,
reducing their conveyance

Decrease lowland floodwater levels by increasing conveyance capacity

NNBF takes many different forms and can be applied in urban and rural
areas and in small streams, rivers, estuaries, and coasts.

Key Messages

1. There are many different types of fluvial NNBF that can be used
throughout a watershed to help reduce the risk of flooding.

2. Fluvial NNBF measures can be implemented in both rural and
urban environments.

3. NNBF measures can be used alone. However, in many cases,
they are most effectively used in combination with engineered
FRM infrastructure, helping to enhance their resilience in the
face of climate change.

4. Before selecting NNBF, it is important to fully understand the
sources, pathways, and receptors of flooding because this will
help in selecting the right measures to address the flood risk
problems at their source.

5. In most circumstances, there will be no “silver bullet” solution to
a flooding problem:; instead, a range of NNBF will usually need to
be implemented upstream of the area at risk of flooding.

6. NNBF measures can be designed in such a way that they not
only reduce flood risk but also provide a range of co-benefits
and help redress specific environmental challenges faced within
a watershed.



The extent to which NNBF can reduce upstream,
local, and downstream flooding depends on many
factors including the magnitude of the storm
(annual exceedance probability and duration);
the morphological and ecological condition of
the watershed; the number, size, and location

of the NNBF; and the arrangement of the NNBF
within the watershed. Environment Agency
(2017), Oxford Martin School (2017), and POST
(2014)5* describe in detail the scientific evidence
behind the effectiveness of NNBF at reducing
flood risk. Understanding the effect of NNBF
requires a systems approach, which needs an
understanding of how the watershed functions

and how it will interact with the hydrological cycle.

Among the NNBF previously described for coastal
flood risk reduction in this overview, wetlands are
the most common NNBF that are also applied in
fluvial systems.
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NNBF Categories for Application in Fluvial Systems

Woody
Material

Prairie and
Grassland

Prairie and EGN N
Grassland )

s g Wetlands

Moorland
irie Buffer
(_J Prairie Strip

~~~~~~~ Trapped
>~ Sediments

\

1

1

1
7

Urban Green
Space Space

- VAR SN

oo| | T

ooo
ooo

Sk

River and Floodplain Management

« Slows flood flows
+ Encourages flood storage

+ Creates bypasses to move water away from communities

« Provides ecological and aquatic habitat benefits

Vegetation Management

- Slows water

» Encourages infiltration in soil

- Enables evapotranspiration

« Increases roughness and slows flow

Rural Runoff Management

« Captures water flow

- Slows and stores water
+ Encourages infiltration
- Traps sediments

Urban Runoff Management

« Retains and stores water in green space
- Slows delivery of water to sewer system

Erosion Management

- Protects riverbanks
- Reduces erosion of banks
» Replaces hard engineering with vegetated banks
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CHAPTER 19

Fluvial NNBF
Case Studies

Although using NNBF to help alleviate flooding is relatively new, there

are already a wide range of examples of their application globally. Case
studies can act as an inspiration for river managers worldwide to select
the appropriate NNBF to reduce flood risk. Depending on the region,
success can be attributed to strong stakeholder and public engagement,
proper siting and technical considerations during project scoping,
flexible approaches and adaptive management considerations, and
nurturing a sense of ownership and pride among local population, for
long-term success. Case studies enable river managers to learn and
share their experiences so that others can learn from past successes
and failures; and reflect back and understand what worked well and what
could have been done differently, which enables the science and practice
of NNBF to develop further.
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a River, Viciebsk, Belarus
Source: Irina Iriser



Missouri River Floodplain Connectivity via Large-Scale
Levee Setbacks, lowa, United States

Project funders:
U.S. Army Corps of Engineers

Construction date:
2012 to 2013

Total cash cost of the project:
USDS60 million (approximately USD$4 million
per kilometer of setback)

Measures included:
Levee setback

Lessons learned:

« Community and political desire for levee
setbacks greatly supports prioritization and
construction of levee setbacks

- Multiagency coordination and cooperation
are critical for successful and timely
implementation of levee setbacks

« The ability to be flexible and to find creative
solutions to complex problems will be
required of all parties for successful setback
implementation
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Source: David Crane, U.S. Army Corps of Engineers,

Omaha District

Challenges addressed:

Challenge Present
Channel instability Yes
Land use change Yes
Water quality degradation Yes
Loss of flora and fauna Yes
Saltwater (tidal) intrusion No
Removal of vegetation No
Loss of floodplains and wetlands Yes
Hydropower plants, dams, and Yes

other hydraulic structures

IJssel River near Deventer, the Netherlands

Project funders:
Ministry of Infrastructure and Water
Management, Ministry of Economic Affairs

Construction date:
2010 to 2015

Total cash cost of the project:
€105 million euros (USDS$124 million)

Measures included:
Constructing side channels

Lessons learned:

- Close coordination between the government
and the local stakeholder made the project
a success

« Project required a delicate balance of
different functions (such as water safety,
farming, nature, and recreation)

Source: gedin.nl 20135

Challenges addressed:

Challenge Present
Channel instability Yes
Land use change Yes
Water quality degradation No
Loss of flora and fauna Yes
Saltwater (tidal) intrusion No
Removal of vegetation No
Loss of floodplains and wetlands No
Hydropower plants, dams, and No

other hydraulic structures




Slowing the Flow, Pickering, Yorkshire, United Kingdom

Project funders:

Defra, Forestry Commission England,
Environment Agency, North Yorkshire Moors
National Park Authority, Natural England, North
Yorkshire County Council, Ryedale District
Council, Pickering Town Council, Sinnington
Parish Council, and Yorkshire Flood and
Coastal Committee

Construction date:
2009 to 2015

Total cash cost of the project:

More than GBP£3.1 million (USDS$S4.3 million)
(GBP£2.7 million [USDS$3.7 million] for
construction)

Measures included:

Woodland planting, leaky woody structures,
farm and moorland management measures,
and conventional flood storage reservoir

Lessons learned:

- Land management measures can make a
significant contribution to downstream flood
alleviation

« Measuring the impact of land management
measures on flood flows at the watershed
level is extremely difficult

- Modeling is an important step in the process
of locating and designing land management
measures to reduce downstream flood risk

Source: Forest Research

Challenges addressed:

Challenge Present
Channel instability Yes
Land use change Yes
Water quality degradation Yes
Loss of flora and fauna Yes
Saltwater (tidal) intrusion No
Removal of vegetation Yes
Loss of floodplains and wetlands Yes
Hydropower plants, dams, and No

other hydraulic structures

Arvari River Watershed, Rajasthan, India

Project funders:
Local community leaders and community
groups

Construction date:
Ongoing since 1985

Total cash cost of the project:
Not available

Measures included:
Johads (water retention measures shown in
the photograph to the right)

Lessons learned:

« Participation of the local population is a
prerequisite for success

- Work to rejuvenate a local area becomes
sustainable and replicable only when local
knowledge is applied in addition to science

« Every member of the rural community is
forever engaged in the process, bearing
the onus of ownership of the river and its
waters responsibly

Source: The Flow Partnership

Challenges addressed:

Challenge Present
Channel instability Yes
Land use change Yes
Water quality degradation Yes
Loss of flora and fauna Yes
Saltwater (tidal) intrusion No
Removal of vegetation Yes
Loss of floodplains and wetlands No
Hydropower plants, dams, and No

other hydraulic structures
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CHAPTER 20

The Way
Forward

Nature-based solutions have a significant role to play in
infrastructure systems in the twenty-first century, and
NNBF will be an important part of future FRM strategies

and systems. The goal of these guidelines is to inform
future practice for NNBF by drawing together knowledge
and experience from around the world. Effective and timely
implementation of NNBF to address current and future FRM
challenges will depend on progress in three overarching
areas of activity—developing and delivering, communicating
and collaborating, and elevating and educating.
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Developing and Delivering

These guidelines were written to support
developing and delivering FRM projects that
incorporate NNBF. Organizations and teams
responsible for infrastructure projects will be
familiar with the call to deliver projects “faster,
cheaper, and better.” NNBF can, do, and will
contribute to all three parts of this refrain.
Although efforts to deliver infrastructure
projects on time and within budget will
continue to be important, organizations

must also be careful to deliver the “right”
project that provides sustainable and resilient
solutions over the long term.

A systems approach to FRM provides a
comprehensive view of and vision for
processes, functions, relationships, and
engineering interventions that are critical

to achieving successful project outcomes.
Ultimately, interventions, whether structural
or NNBF, will work as part of a system that
includes physical, environmental, social, and
political elements. Understanding and working
with the myriad connections among these
elements is central to the long-term success,
sustainability, and value achieved within the
system. When project sponsors, developers,
planners, and engineers are explicit and
intentional about incorporating NNBF and
supporting processes, the FRM system will be
strengthened and the long-term value from
infrastructure investments will be expanded.

Measuring and managing engineering
interventions—whether structural,
nonstructural, or NNBF measures—within
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FRM systems is an evolving discipline. The
combination of aging, decades-old FRM
projects and climate change is prompting new
thinking and practices regarding performance,
especially in relation to improving overall
resilience. Project performance can be

viewed narrowly in terms of the integrity and
functioning of the physical structures that
compose a system. Performance can also be
viewed broadly to include a project’s long-term
benefits and value, such as economic
damages avoided, co-benefits produced, and
greater system resilience provided. In both a
narrow and a broad sense, further progress

in the multidisciplinary activity of assessing
project performance is needed and should

be encouraged.

The modern age of FRM engineering, which has
emerged over the past 100 years, provides a
wealth of data and experience that can inform
future work. As today'’s surge in infrastructure
investment continues, we should be deliberate
about learning from FRM and NNBF projects so
we can advance policy and technical practices.
Particularly important is the opportunity to
expand our consideration of all the costs and
benefits of projects, including their structural,
nonstructural, and NNBF components. Failing
to fully consider all of a system’s relevant costs
and benefits has led in the past—and will lead
in the future—to dissatisfying outcomes and
missed opportunities to create diversified value
from infrastructure investments.

There is a need to continue improving
numerical models and practices for FRM,

and for NNBF in particular. Much of today’s
modeling capability to support FRM is designed
to support the analysis of structural measures.
Developing truly integrative approaches to
FRM that include NNBF measures will require
advancing models and modeling practice with
respect to natural features, processes, and
systems.

As the modern environmental movement
enters its seventh decade, there is a need to
continue advancing environmental regulation
and management to conserve and protect
natural systems. There is also a need to build
on the growing recognition of natural value and
capital so that communities can fully leverage
natural systems and functions to address

the dynamic challenges posed by FRM and
climate change. Efficient and timely regulatory
decision-making will support the delivery of
NNBF projects and the wide range of benefits
for ecosystems and the people who depend on
natural systems.

Communicating and
Collaborating

In a world filled with competing interests,
perspectives, and voices, communication and
collaboration are increasingly important skills
for individuals and organizations, including
project teams. Many infrastructure projects
in the past were implemented with little,

if any, substantive engagement with the
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communities “receiving” the project. That more
engagement is occurring now is a measure

of progress; however, more can be done to
improve communication and collaboration
during the development of infrastructure
projects. Engagement, communication, and
collaboration that bridge the gaps between
technical disciplines, organizations, and

the public are increasingly recognized

as fundamental to successful project
development and implementation. The need for
carefully planned and purposeful investments
in communication and engagement when
developing and implementing FRM projects
remains critical.

Effective communication must be internal

as well as external. Within an organization or
agency, effective communication is necessary
to align the internal stakeholders that hold
different responsibilities and perspectives
relative to NNBF. Such alignment might even
be considered a precondition for effective
external communication about NNBF with
other organizations.

Because they can produce diverse benefits,
NNBF provide an important opportunity to
engage people and perspectives about value
creation through infrastructure investment.
Substantive dialogue about the diversity

of economic, environmental, and social
co-benefits of multipurpose FRM projects that
include NNBF will pull from expertise across
the physical, biological, and social sciences.
Some benefits of FRM and NNBF projects
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are readily monetized, but the inability to
monetize a benefit does not necessarily make
the benefit less “real” or important. Many
environmental and social co-benefits that may
be difficult or even inappropriate to monetize
are critical to establishing a project'’s overall
value proposition. Habitat for threatened

or endangered species, and biodiversity in
general, are examples of such important
co-benefits. The use of infrastructure to
support social equity in communities is an
increasingly important benefit to incorporate
into twenty-first century investment planning.

Many challenging topics complicate
communication about FRM and climate
change. They include uncertainty about the
dynamics of the physical and natural systems
that comprise FRM projects and the effects
and uncertainties of climate change. Progress
here will directly support the implementation of
adaptive management as a critical component
of FRM and NNBF projects. People tend to think
and communicate in terms of “either/or” with
respect to FRM alternatives—either structural
measures or NNBF. But most future FRM
systems will include both structural and NNBF
measures. Practitioners must be careful to
think and communicate about FRM in inclusive,
rather than exclusive, ways.

Collaboration across the public and private
sectors is fundamental to delivering

FRM solutions that include NNBF. Such
collaboration includes the creative exchange
of ideas between the public agencies that
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sponsor FRM projects and the private
companies that support their delivery. It also
includes opportunities for jointly financing
NNBF projects and for developing markets
(e.g., for carbon sequestration) relevant to the
diverse benefits that NNBF can provide.

Elevating and Educating

NNBF often provide FRM by elevating part
of the landscape to influence the movement
of water. These guidelines were developed
to promote FRM practice by providing
information that is relevant to planning,
designing, engineering, and operating FRM
projects. Education and training are critical
to influencing the long-term trajectory of
FRM practice.

Education is sharing information. NNBF
education has three primary goals. The

first is to expand public awareness of

NNBF options and share information about
sustainable, resilient solutions for FRM
problems. The second is to share emerging
technical information and approaches with
today’s engineers, environmental scientists,
lawyers, and other professionals supporting
infrastructure development. The third is

to develop new educational programs and
courses to support communities and future
professionals in their efforts to develop
infrastructure solutions. When society as a
whole understands that natural systems can
and do contribute to tangible human needs



such as FRM, public and private institutions
will be better able to support the natural
systems and environmental conditions that are
foundational to sustaining NNBF.

The organizations and agencies that develop
and operate FRM projects and systems must
be intentional about knowing the status and
future condition of their projects and systems.
Actively managing and adapting projects in a
timely manner requires an ongoing financial
commitment to monitoring and analysis to
determine current conditions and future
project needs.

Progress is a watchword of modernity.
Progress is achieved through a collective
commitment to harnessing innovation to
meet future challenges. Policies at all levels
should encourage—rather than intentionally
or unintentionally hinder—appropriately
managed innovation. Each institution
contributing to FRM should consider its own
policies, procedures, and practices in view
of the process of innovation and whether
there is evidence of sufficient innovation

in its activities. Such self-assessment is
part of an organization’s commitment to
continual learning and the stewardship of its
technical competence.
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We live in a period of increasingly rapid change
and technological advancement. Although
these conditions pose many challenges to
society, organizations, and individuals, they
also present opportunities to create value from
the flood of data, information, and experience
that flows around us. When we each take the
time to document what happened in our own
NNBF projects and share that experience
across the international community of
practice, the benefits generated will be good
for humanity and for nature.
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