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Endorsements

“The application of disaster risk reduction has saved millions of lives and
helped communities globally. But the ecosystems on which communities
depend upon for their protection, economic well-being and recovery
have, until now, been largely ignored in disaster risk reduction. Incorpo-
rating ecosystems into disaster risk reduction can save lives, aid recovery
and help build a more resilient and secure planet for all. This timely book
is an essential tool for policymakers, scientists, economists, sociologists,
and practitioners on why and how to integrate ecosystems into disaster
risk reduction. Scientific studies have repeatedly confirmed the role of
healthy ecosystems in providing resilience against disasters; and they
have demonstrated how environmental degradation contributes to more
severe disasters including droughts, floods, and storm surges. A key chal-
lenge is how to integrate this knowledge into policy and planning. Multi-
disciplinary approaches that combine ecology and engineering, science
with sociology and economics have to be implemented. This book pro-
vides a sobering evaluation of the consequences of ignoring ecosystems
in disaster risk reduction. But it also offers a range of well-considered
and practical solutions which could be used in many existing regulations,
policies and risk reduction activities.”

Deborah Brosnan, Environment and Policy Scientist, University of Cali-
fornia, Davis, One Health Institute

“In 2004, the earth shook, the waters rose, and the Indian Ocean tsunami
changed the world. Almost a quarter of a million coastal dwellers died
that day. Several years later, the earth shook again, this time in Haiti, and
a disturbingly similar number of people lost their lives. In both cases,



sustainable, healthy ecosystems could have substantially mitigated these
disasters.

Recent disasters in Japan, the US East Coast, and several in SE Asia
including Thailand and the Philippines, have led to a simple yet unsolvable
question: How can the world’s most vulnerable populations reduce the
risk posed by natural hazards?

The Role of Ecosystems in Disaster Risk Reduction brings together the
world’s experts on how the natural environment has evolved tools to
buffer against natural hazards in real, sustainable and cost effective ways.
From coastal ecosystems that buffer large waves while providing valuable
services to Indian Ocean communities to protective services that forests
provide in the Swiss Alps, this book is a valuable contribution showing
how environmentally and economically sustainable solutions can provide
real benefits to exposed populations and resources.”

Brian G. McAdoo, College Rector, Professor of Science, Yale-NUS
College

“Why do ecosystems matter in disaster risk reduction? This book meets
an urgent need. Intuitively we understand that working with and not
against nature will help in protecting us from impacts of extreme natural
events, but evidence has been lacking regarding the effectiveness and
efficiency of such measures, particularly as alternatives to or in combina-
tion with engineered solutions. This rich collection of research findings
and tested practices takes us around the globe, from coasts to forests,
from agricultural landscapes to protected areas, from cities to mountains.
It addresses conflicts between socio-economic development and environ-
mental concerns, taken to its extreme in Cape Town where policymakers
and planners have had to overcome the legacy of apartheid to find a sus-
tainable trajectory. And it gives readers an array of methods and instru-
ments to help overcome the sector and disciplinary stovepipes that often
stand in the way of the holistic approaches needed to meet and reconcile
multiple objectives: protecting vulnerable people and assets, halting the
erosion of biodiversity and making sustainable use of our natural re-
source base. Those looking for the state of the art in ecosystem-based
disaster risk reduction now know where to go.”

Johan Schaar, Co-Director, Vulnerability and Adaptation Initiative,
World Resources Institute

“With the human and economic losses of disaster events projected to
grow, and with two-thirds of global disaster losses being caused by hydro-
meteorological events, this is a very timely compilation of the evidence
needed to link up ecosystem management with disaster risk management
as mutually reinforcing initiatives. It comes at a time when the post-2015



development paradigm and framework for disaster risk management are
on the drawing boards. It will surely go a long way in informing the con-
vergence of policies and benchmarks for ecosystem management as an
integral aspect of climate and disaster risk management, to ensure near-
term development gains and long-term climate and disaster resilience.

An extremely timely and comprehensive publication, a game-changer
in the approach to natural resource management for sustainable develop-
ment — and for climate and disaster resilience.”

Prashant Singh, Team Leader, Partnerships and Governance, Global Fa-
cility for Disaster Reduction and Recovery (GFDRR) at The World Bank

“How do ecosystems relate to disasters? How do ecosystems contribute
to disaster risk reduction (DRR)? This book gives us answers to these
questions.

It is timely to address DRR-related coastal issues and water resources
management, which are inevitable to countries being prone to water-
related disasters such as storm surges and tsunamis as well as floods,
droughts and erosion. Forestry and vegetation cover are also dealt with
in relation to land management and landslides. These are serious prob-
lems which many parts of the world are facing in the twenty-first century
under the pressure of sustainable development and survivable societies.
Future perspectives are also given in concluding chapters.

This book will be of interest to disaster managers and policymakers,
eco-hydrologists, coastal and water resources planners, engineers and
managers, research scientists and students, international donor agencies,
and many professionals from NGOs and the media.”

Kaoru Takara, Disaster Prevention Research Institute, Kyoto University,
Japan
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Foreword: Why do ecosystems
matter in disaster reduction?

Margareta Wahlstrom, Special Representative of the
Secretary-General for Disaster Risk Reduction and
Head of the UN Office for Disaster Risk Reduction

The current global framework for disaster risk reduction, the Hyogo
Framework for Action, was agreed in Kobe, Japan, in January 2005 as the
world struggled to come to terms with the loss of life and devastation
caused by the Asian tsunami of a few weeks earlier. Sustainable ecosys-
tems and environmental management were placed top of the list under
the Hyogo Framework’s Priority for Action No. 4 on reducing underlying
risk factors, and a few months later Hurricane Katrina engulfed New
Orleans in a disaster that was both predictable and predicted. As is often
the case following major disaster events, there was much focus on what
should have been done to strengthen the city’s physical infrastructure,
such as improving the levee and drainage systems or building protection
walls.

There is, of course, a very important but less appreciated “resilience
gap” that faced New Orleans and the many small towns and villages that
bore the brunt of the Asian tsunami, and that was the deterioration of
their natural defences. In other words, there was a general failure to ap-
preciate why ecosystems matter in disaster risk reduction and how they
help to build a community’s resilience to disaster events. In the case of
New Orleans, economic development prior to Katrina had taken place at
the expense of losing 4,800 km? of wetlands in the Mississippi Delta,
which took thousands of years to accumulate and helped to dissipate the
energy of storm surges in centuries past.

If one considers that floods disrupt the lives of over 100 million people
every year, then it seems obvious that ecosystems have a role to play in
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limiting the impacts on our built environment and that we cannot simply
pretend we can avoid harm by constructing more dykes, dams, spillways
and other built structures. The proper use and preservation of natural
and constructed wetlands not only help withstand storm surges but also
reduce the volumes of rainwater runoff in urban areas. A key benefit of
wetlands and environmental buffers is to act as flood retention basins
and reduce flooding in built-up areas. One statistic worth pondering in
relation to the value of well-managed ecosystems is that 1.3 million trees
can catch 7 billion m? of rainwater per year, which amounts to a major
reduction in stormwater drainage.

This is a welcome and timely publication that will make a major con-
tribution towards shaping the successor to the Hyogo Framework for
Action, which expires in 2015. It is also a forceful and eloquent reminder
that environmental management is an essential part of best practice in
disaster risk reduction.
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The relevance of ecosystems for
disaster risk reduction

Fabrice G. Renaud, Karen Sudmeier-Rieux and
Marisol Estrella

Introduction

Each year we witness strikingly similar images of loss and destruction
caused by disasters." Disasters linked to recurring and extreme hazard
events — namely floods, droughts, heat waves, tropical cyclones, volcanic
eruptions and earthquakes — repeatedly undermine local and national de-
velopment efforts to support livelihoods, promote economic growth and
achieve overall human well-being. A closer look at disasters reveals that
they are induced by a complex mix of drivers, such as people living in dan-
gerous places, poor governance, environmental degradation, inadequate
early warning, and lack of preparedness by the public and the authorities,
all interlinked with challenges of development. Given the current global
economic downturn and shrinking financial resources, the importance of
pursuing integrated, “win—-win” solutions to disaster reduction and sus-
tainable development is more critical than ever. Ecosystem management,
or the sound management of natural resources, is a well-tested solution
to sustainable development that is being revisited because of its inherent
“win-win” and “no-regrets” appeal to address rising disaster and climate
change issues (IPCC, 2012; UNISDR, 2009a, 2011a).

Worldwide, disasters are increasingly affecting people and commun-
ities, although the number of disasters, of people affected and of casual-
ties and the extent of economic losses can vary considerably from year to
year. For example, in 2010, 373 disaster events> were recorded (compared
with 387 events on average for the period 2000-2009), resulting in about

The role of ecosystems in disaster risk reduction, Renaud, Sudmeier-Rieux and Estrella (eds),
United Nations University Press, 2013, ISBN 978-92-808-1221-3
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300,000 casualties (about 80,000 on average for 2000-2009), 207 million
people affected® (227 million on average for 2000-2009) and US$109 bil-
lion in damages (US$99 billion average for 2000-2009) (CRED, 2011).
The type of hazard generating the most important impacts varies annu-
ally (see Table 1.1). Given these fluctuations, an analysis of trends is more
informative and, according to the Emergency Events Database (EM-DAT,
2012), the number of disasters reported worldwide has increased rapidly
since the 1960s, peaked in the early 2000s, and subsequently reached a
plateau. At the same time, although casualties since the 1960s have de-
clined (particularly when considering weather-related hazards; UNISDR,
2011a), the number of people reported as affected has increased and esti-
mated economic losses have increased considerably (Adikari and Yoshitani,
2009). Hydro-meteorological events (floods, droughts and windstorms)
typically represent the majority of reported disasters (Guha-Sapir et al.,
2011; Rodriguez et al., 2009; Scheuren et al., 2008).

The increasing trends in reported disasters, people affected and eco-
nomic losses are linked to increased exposure of populations and trig-
gered by demographic factors (such as natural population growth), rapid
urbanization and the concentration of populations and economic assets

Table 1.1 Deadliest events worldwide for the period 1980-2011

Hazard Countries affected Casualties Date
Earthquake Haiti 222,570 12 January 2010
Earthquake, Sri Lanka, Indonesia, 220,000 26 December 2004
tsunami Thailand, India,
Bangladesh,
Myanmar, Maldives,
Malaysia
Cyclone Nargis, Myanmar 140,000 2-5 May 2008
storm surge
Tropical cyclone,  Bangladesh 139,000 29-30 April 1991
storm surge
Earthquake Pakistan, India, 88,000 8 October 2005
Afghanistan
Earthquake China 84,000 12 May 2008
Heat wave, France, Germany, Italy, 70,000 July—August 2003
drought Portugal, Romania,
Spain, United
Kingdom
Heat wave Russian Federation 56,000 July-September 2010
Earthquake Iran 40,000 26 June 1990
Earthquake Iran: Bam 26,200 26 December 2003

Source: NatCatSERVICE (2012).
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in specific geographical regions, such as floodplains and coastal areas that
are regularly affected by hazard events (IPCC, 2012; UNISDR, 2011a).
Improved information technology also contributes to explaining these
trends because disasters are reported more effectively now than in the
1960s. Furthermore, a multitude of human-induced factors can explain
catastrophic events, including an over-reliance on engineered structures
to protect populations from specific hazards, which are often under-
designed and can provide a false sense of security. Examples include
flooding following Hurricane Katrina in New Orleans, flooding following
Atlantic storm Xynthia in western France and tsunami impacts in the
context of the Great East Japan Earthquake.

Given the prevalence of hydro-meteorological disasters globally, it is
anticipated that climate change impacts will exacerbate disaster risks. The
Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) in 2007 had already noted that several categories of
hazards, such as heat waves, changes in precipitation patterns (with an
increase in intense rainfall events), droughts, tropical cyclone activity and
sea level rise, would increase in intensity and/or frequency in the future
as a consequence of climate change (IPCC, 2007b). For some hazards, this
was confirmed by the recently released IPCC Special Report on Manag-
ing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (SREX), particularly with respect to increases in the
frequency and magnitude of warm daily temperatures and increases in
the frequency of heavy precipitation, whereas confidence levels linked to
droughts and fluvial floods were lower (IPCC, 2012). These links and
their impacts will vary from region to region. For example, droughts are
most likely to intensify in the Mediterranean region, central Europe, cen-
tral North America, Central America and Mexico, north-east Brazil and
southern Africa (IPCC, 2012). It is further likely that the mean intensity
of tropical cyclones will increase under climate change, although not nec-
essarily in all ocean basins, while their frequency could slightly decrease
or remain constant (IPCC, 2012; Peduzzi et al., 2012).

While the scientific community continues to address knowledge gaps
related to climate change impacts and weather extremes, scientists have
also highlighted current drivers of risk, namely human-created exposure
and vulnerability owing to poor land-use planning, poverty, urbanization
and ecosystem degradation (IPCC, 2012; UNISDR, 2011a). The Millen-
nium Ecosystem Assessment showed that many of our essential ecosys-
tems are being used unsustainably, limiting their capacities to regulate
the climate, to provide protection with respect to hazards, and to sustain
livelihoods (Millennium Ecosystem Assessment, 2005). The IPCC also
concluded that climate change affects natural systems worldwide (IPCC,
2007a, 2012).
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In many regions of the world, underlying risk factors, including the
degradation of ecosystems, are not necessarily addressed by relevant au-
thorities (UNISDR, 2011a). Additionally, the role of ecosystems in the
context of disasters is perhaps the most overlooked component in disas-
ter risk reduction (DRR) and development planning. Whereas ecosystem
management is still perceived by many as having conservation value only
(for example, maintaining biodiversity), its role in the context of DRR in
terms of providing hazard protection, livelihood recovery and sustainabil-
ity, and resilient development is often ignored. Yet, in some cases, ecosys-
tem-based solutions to DRR are in greater demand by governments, tax
payers and low-income countries where there may be little choice but to
invest in ecosystems as the most readily available and effective solution
to reducing underlying risk factors. Even then, hard engineered solutions
for risk reduction, such as the construction of dykes to protect against
flooding or of sea walls in areas prone to tsunamis and storm surges,
often remain the more favoured intervention approach in DRR.

To fill this gap in opportunities presented by ecosystems for DRR, we
revisit and present in this chapter and throughout this book examples
where ecosystem-based or ecosystem-inclusive solutions can be applied
successfully as part of a more systemic approach to DRR. We also high-
light the opportunities for combined or hybrid ecosystem—engineering
solutions as well as the limitations of ecosystem-based approaches in par-
ticular contexts.

Paradigm shifts in DRR and emerging opportunities (and
challenges) for applying ecosystem-based approaches

That ecosystems offer protection against the vagaries of nature is well
known by communities around the world, such as the centuries-old pro-
tection forests in Switzerland, and has been documented by scientists for
decades (Bender, 1995; Burby, 1998; Daily, 1997; Prugh et al., 1999; Chap-
ter 13 in this volume). Yet it is only over the last decade that the role
of ecosystems for DRR has been considered seriously within the DRR
community — and also within the environmental conservation community
— as potentially contributing to hazard mitigation, livelihood security and
resilience to disasters (Dudley et al., 2010; FAO, 2011; March, 2012;
Sudmeier-Rieux et al., 2006, 2009; UNEP, 2009; UNISDR, 2005; WWE,
2008).

The Indian Ocean tsunami in 2004 served as a key turning point in
shifting international attention towards disaster prevention and risk re-
duction in general and ecosystem-based approaches in particular. The
event spurred the establishment of the “Hyogo Framework for Action



THE RELEVANCE OF ECOSYSTEMS FOR DRR 7

(2005-2015): Building the Resilience of Nations and Communities to Dis-
asters”, which emanated from the World Conference on Disaster Reduc-
tion held in 2005 in Kobe, Hyogo, Japan and which was subsequently
adopted by the General Assembly of the United Nations (A/RES/60/1952)
in January 2006. The Indian Ocean tsunami also focused global atten-
tion on the environmental impacts of the disaster (including from post-
disaster response and reconstruction operations) and highlighted the po-
tential role of coastal ecosystems in providing hazard protection and
mitigation. It was during this period that global environmental initiatives
such as Mangroves for the Future were launched.

The role of ecosystems in DRR is now well acknowledged in the Inter-
national Strategy for Disaster Reduction (ISDR), which involves the
international community in promoting global DRR through implementa-
tion of the Hyogo Framework for Action (HFA). The HFA has five pri-
orities for action with respect to building resilience to disasters (UNISDR,
2005). One of these priorities for action, entitled “Reduce the underlying
risk factors”, recommends two key activities that have a direct link to eco-
systems and ecosystem management (UNISDR, 2005: 10-11):

1. Environmental and natural resource management with components
that include:

a. sustainable use and management of ecosystems;

b. implementation of integrated environmental and natural resource

management approaches that incorporate disaster risk reduction;

c. linking disaster risk reduction with existing climate variability and

future climate change.

2. Land-use planning and other technical measures with a component on
incorporating disaster risk assessment into rural development planning
and management.

The ISDR Global Assessment Reports on Disaster Risk Reduction in
2009 and 2011 (UNISDR, 2009b, 2011) as well as the Chair Summaries of
both the 2009 and 2011 Global Platforms for Disaster Risk Reduction
have highlighted the importance of integrating ecosystem management as
a key component in DRR strategies. The recent IPCC Special Report (2012)
has subsequently echoed this message in stressing the value of investing
in ecosystems as part of climate change adaptation (CCA) strategies, and
ecosystem-based adaptation (EbA) has been formally endorsed by the
Subsidiary Body for Scientific and Technological Advice, under the aus-
pices of the Nairobi Work Programme of the United Nations Framework
Convention on Climate Change (discussed further below). Moreover,
outcomes from “Rio+20 — The Future We Want” now clearly recognize
DRR as a critical component of sustainable development. At a UN Gen-
eral Assembly Thematic Debate on Disaster Risk Reduction in April
2012 in New York, organized in preparation for the Rio+20 conference,
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the President’s Summary recognized that ecosystem management pro-
vides integrated solutions for DRR and CCA.

Despite the international recognition of the role of ecosystems in
DRR, there is limited progress in applying ecosystem-based DRR ap-
proaches in policy and practice at the country level. Many experiences of
ecosystem-based DRR are generally implemented only at project or pilot
demonstration levels, and few cases achieve the necessary scale to dem-
onstrate tangible impacts for DRR. This is partly reflected in the uneven
progress of HFA implementation in general. The Mid-Term Review of the
HFA showed that least progress was recorded under “Priority for Action
4: Reduce the underlying risk factors”, which includes the need to ad-
dress ecosystem degradation (UNISDR, 2011b: 27).

There are, however, some regions where progress is being made. For
example, the European Union’s Water Framework Directive enacted in
2000 is one of most progressive policy directives to date globally on inte-
grating ecosystem management with DRR (European Commission,
2000). Implemented through the member states of the European Union,
the Directive supports an integrated approach to water risk management
and aims to balance the ecological requirements of river flows with the
need for water supply and flood defence structures (Defra, 2008). The
European Union’s Flood Directive (European Commission, 2007)
spawned a number of country-level programmes, namely “Making Space
for Water” in the United Kingdom, “Room for the River” in the Nether-
lands, “Living Rivers” in the United Kingdom and France and “Environ-
mental Enhancement of Rivers” in Ireland, which promote the use of the
natural capacity of wetlands, peat bogs and other natural spaces to store
excess water (Arnaud-Fassetta and Fort, 2008; Defra, 2008; Deltacommis-
sie, 2008; Gilligan, 2008). A combination of environmental and economic
arguments, together with legislation on ecosystem-based flood manage-
ment, has led to a powerful force for change in river management prac-
tices in recent years and ushered in an array of alternative, “softer”
approaches (Wharton and Gilvear, 2006), such as more natural river de-
signs, river restoration and more strategic integrated approaches that link
ecosystem and DRR goals. Within the European Union, there is growing
acceptance that “rivers are meant to flood and must have room to move”
(Gilvear et al., 1995, cited in Wharton and Gilvear, 2006: 2) and that
rivers are dynamic and linked to their surrounding floodplain (Wharton
and Gilvear, 20006).

There are several reasons to explain the general lack of uptake of eco-
system considerations in DRR. The first is that ecosystem management is
rarely considered as part of the portfolio of solutions to DRR. Imple-
menting ecosystem management approaches for DRR requires a com-
bined set of technical expertise from the environmental and disaster
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management communities, which traditionally work independently of
each other. Enhancing national and local capacities to apply integrated
ecosystem and DRR solutions is thus necessary to replicate and scale up
such efforts.

Secondly, DRR and disaster risk management in general are still not
considered within broader development sectoral planning processes with
appropriate budget allocations. As a result, DRR, and especially ecosys-
tem management, are often sidelined or viewed in direct competition
with other development priorities. Applying ecosystem-based approaches
may require much longer temporal scales to implement and yield tangi-
ble disaster reduction outcomes. On the other hand, policy-makers and
decision-makers are under pressure to show immediate results from their
efforts to protect the public against hazards, which the choice of engi-
neered structures provides, together with the fact that engineered solu-
tions also generate financial profits for some stakeholders.

A third challenge is the poor science—policy interactions on ecosystem-
based DRR, which have led to unclear and sometimes contradictory sci-
entific information on the role of ecosystems for DRR. Scientifically
quantifying ecosystem services for DRR (for example in terms of hazard
mitigation or vulnerability reduction) and building a strong economic
case for ecosystem-based approaches remain a challenge and thus a con-
straint to informed decision-making on all possible cost-effective DRR
options. Nonetheless, there is now a growing body of knowledge and evi-
dence base (from science fields and practitioners on the ground) that
ecosystems and their services are effective for DRR. This book is a re-
flection of this emerging trend in ecosystem-based DRR.

Examining the role of ecosystems in disaster risk reduction
Examples of what works

Disaster risk is generally calculated based on three main variables: the
frequency and magnitude of hazard events, the exposure (of people and
their assets) to hazards, and the underlying vulnerabilities (for example,
ranging from poor building construction to poverty and lack of prepared-
ness). Sustainable ecosystem management has the potential to influence
all three elements of the disaster risk equation — in terms of regulating
and mitigating hazards, controlling exposure and reducing vulnerability.
Many experiences and scientific studies from around the world point to
these three main benefits of ecosystems for DRR. Some are discussed in
greater detail in this book. First, healthy and well-managed ecosystems
can serve as natural infrastructure to prevent hazards or buffer hazard
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impacts. For example, in many mountain areas, vegetation cover and root
structures protect against erosion and increase slope stability by binding
soil together, preventing many types of landslides (Dolidon et al., 2009;
Peduzzi, 2010; Chapters 12 and 14 in this volume). Well-managed protec-
tion forests can be effective in protecting against rock fall and reducing
the risk of avalanches (Bebi et al., 2009; Chapter 13 in this volume).
Along coastlines, wetlands, tidal flats, deltas and estuaries absorb water
from upland areas, storm surges and tidal waves (Batker et al., 2010;
Costanza et al., 2008; Gedan et al., 2011; Ramsar Convention on Wet-
lands, 2010; Zhao et al., 2005; Chapters 3, 4 and 9 in this volume). Coral
reefs, sea grasses, sand dunes and coastal vegetation such as mangroves
and saltmarshes can effectively reduce wave heights and reduce erosion
from storms and high tides, while buffering against saltwater intrusion
and trapping sediment and organic matter (Campbell et al., 2009; I0C,
2009; Krysanova et al., 2008; Chapters 3, 4 and 5 in this volume). Healthy
peatlands, wet grasslands and other wetlands can contribute to control-
ling floods in coastal areas, inland river basins and mountain areas sub-
ject to glacial melt by storing water and releasing it slowly, reducing the
speed and volume of runoff after heavy rainfall or snowmelt (Campbell
et al., 2009; Chapters 10, 15 and 16 in this volume).

Secondly, healthy and well-managed ecosystems also can help reduce
the exposure of people and their productive assets to hazards. Flood-
plains, in their natural state, are meant to absorb flood waters and allow
rivers to be dynamic, providing the space needed to reduce flood risk
(Gilvear et al., 1995; Chapter 9 in this volume). In drylands, maintaining
vegetation cover and agricultural practices such as use of shadow crops,
nutrient-enriching plants and vegetation litter increase resilience to
drought by conserving soil and retaining moisture. Shelterbelts, green-
belts and other types of living fences act as barriers against wind erosion
and sand storms (Campbell et al., 2009; Krysanova et al., 2008).

Thirdly, ecosystems sustain human livelihoods and provide for basic
needs, such as food, shelter and water — before, during and after hazard
events (for example, Ingram et al., 2012; Chapters 5, 8 and 11 in this vol-
ume). In this regard, well-managed, healthy ecosystems can reduce vul-
nerabilities to disasters by supporting livelihoods that are sustainable and
resilient to disasters. In Lebanon, the International Union for Conserva-
tion of Nature (IUCN) worked with the government and farming com-
munities to re-establish forests planted with mixed tree species—utilizing
both native, fire-tolerant trees and pine trees — in order to better manage
fire hazards and sustain livelihoods from selling pine nuts (Murti et al.,
2010).

In Burkina Faso and Niger, local farmers restored degraded drylands
by applying traditional agricultural and agroforestry techniques, such as
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on-farm tree planting and planting in shallow pits, to improve soil and
water retention. Three decades later, hundreds of thousands of farmers
have replicated, adapted and benefited from these techniques, signifi-
cantly increasing local resilience to droughts. In Burkina Faso, more than
200,000 hectares of drylands have been rehabilitated, now producing an
additional 80,000 tons of food per year. In Niger, more than 200 million
on-farm trees have been regenerated, providing 500,000 additional tons
of food per year. Women have particularly benefited from the improved
supply of water, fuelwood and other tree products (Reij et al., 2012).

In Ethiopia, since the 1980s the government and local communities, to-
gether with the World Food Programme (WFP), have been implementing
a sustainable land management and rain catchment programme known as
MERET (Managing Environmental Resources to Enable Transitions to
More Sustainable Livelihoods), which has vastly increased food produc-
tion and mitigated the impacts of drought and floods. The programme has
increased the food security of MERET households by 50 per cent, re-
duced the average annual food gap from 6 to 3 months, rehabilitated
1 million hectares of land, and reforested 600,000 hectares (WFP, 2010).
A programme evaluation in 2005 found that the return on investment
averaged more than 12 per cent for the main activities implemented
through the programme.

Finally, well-managed, healthy ecosystems are better able to support
the post-disaster recovery needs of communities, such as accessing safe
drinking water, as illustrated in the case of Negril, Jamaica (Chapter 5 in
this volume).

That sustainable ecosystem management provides multiple social,
economic and environmental benefits — regardless of whether a disaster
occurs — is what we regard as a “no-regret” investment. Aside from haz-
ard mitigation and enhancing local resilience to disasters, ecosystems
contribute to national gross domestic product, poverty reduction, food
security, biodiversity and carbon sequestration. Chapter 2 elaborates fur-
ther on these issues.

Gaps that need addressing

At times, there is contradictory or misperceived evidence on the role of
ecosystems in DRR. For example, the role of vegetation in protecting
coastal areas against erosion or the impacts of storm surges is well estab-
lished. However, evidence of the role of coastal vegetation in buffering
against extreme events such as cyclones or tsunamis is much sparser. Fol-
lowing the 2004 Indian Ocean tsunami, peer-reviewed journal articles
contradicted each other with respect to the effect of coastal vegetation in
reducing the impacts of tsunami waves (see, for example, a discussion
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based on an original paper by Kathiresan and Rajendran in 2005 that was
subsequently debated by Kathiresan and Rajendran, 2006; Kerr et al.,
2006; Vermaat and Thampanya, 2006, 2007; as well as further results and
discussions by Cochard et al., 2008; Danielsen et al., 2005; Kaplan et al.,
2009; Kerr and Baird, 2007; Renaud 2013; Chapters 3 and 4 in this vol-
ume). Nonetheless, in the interval between the Indian Ocean tsunami dis-
aster and the systematic and scientific collection of evidence on the role
of coastal vegetation in protecting populations against tsunami waves,
millions of dollars were spent in replanting mangroves in various affected
countries, sometimes with disappointing results (see Cochard, 2011).
Even in areas where mangroves were successfully established, further re-
search is required to ascertain whether populations are more protected
from tsunami waves.

Another example where further scientific analysis is required relates to
determining linkages between vegetation/forest cover and flooding. It is
often perceived that the greater the forest cover the less the likelihood of
floods. However, this is a subject that is still scientifically debated (Brad-
shaw et al., 2007; van Dijk et al., 2009; WWE, 2008). For example, the
Food and Agriculture Organization and the Center for International
Forestry Research (FAO and CIFOR, 2005) showed that the cause-effect
relationship will vary depending on the scale of the flood-generating
weather event and of the catchment considered. This was confirmed fur-
ther by Bathurst et al. (2011a, 2011b) through rigorous empirical and
modelling catchment-scale studies in Latin America.

The two examples above point to areas where more research is re-
quired to establish the role of ecosystems in DRR. As mentioned in the
previous section, there are, however, many examples where greater cer-
tainties exist and where ecosystems have been integrated in risk preven-
tion actions. In order for the role of ecosystems to be considered seriously
by decision-makers at various governance scales, research gaps need to
be addressed by the science community and implementation experiences
upscaled and better communicated by practitioners in terms of what
works and what does not work (see Chapter 18 in this volume).

Another potential pitfall is to overemphasize the role of ecosystems in
DRR. That ecosystems and society are intertwined goes without saying
but, in order to reduce future disaster risks, we need to analyse complex
vulnerability, risk and environmental factors in a more systematic man-
ner. As an example we can consider the situation on the island of Hispa-
niola, which is divided between Haiti and the Dominican Republic. In
2004 both countries were affected by intense rainfall brought about by a
low pressure system, which generated flooding in the south-central, cross-
border region of the island on 24-25 May (Gubbels and Brakenridge,
2004), and by Hurricane/Tropical Storm Jeanne, which affected the island
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Table 1.2 Casualties linked to two major meteorological events over the island of
Hispaniola in 2004

Casualties in:

Storm system Haiti Dominican Republic Date
Intense rainfall 2,665 688 24-25 May
Tropical Storm Jeanne 2,754 <20° 16-17 September

Sources: Data on casualties from Centre for Research on the Epidemiology of
Disasters, “EM-DAT: The OFDA/CRED International Disaster Database”,
<http://www.emdat.be> — Université catholique de Louvain — Brussels — Belgium
(accessed 2 October 2012).

Note:

“Numbers vary from source to source.

in mid-September (Lawrence and Cobb, 2005). For both events, the dam-
age and number of casualties were higher on the Haiti side of the island
when compared with the Dominican Republic side (Table 1.2).

The different impacts between the two countries were often principally
attributed to an environmental factor: Haiti has experienced massive de-
forestation, with forest cover representing 3.8 per cent of the land area in
2004 in contrast to 40.8 per cent in the Dominican Republic at the same
period (Table 1.3), thus generating more devastating floods in Haiti. It is
highly likely that deforestation played an important role in generating
the disasters that affected Haiti. However, other factors explaining the
underlying vulnerability of the exposed communities also need to be
taken into account when considering DRR interventions (see also Jdger
et al., 2007). Haiti is a much poorer country than the Dominican Repub-
lic and many social, economic and governance indicators help explain
these different levels of overexploitation of environmental resources, vul-
nerability and possibly of flood impact (Table 1.3).

Reforestation alone would not solve the flood-related problems in
Haiti, and it is possible that other DRR interventions would still be re-
quired and be more efficient in saving lives (for example, effective early
warning systems, improved preparedness). This example highlights the
need to address the complexity of human—environment systems (also re-
ferred to as social-ecological systems) when dealing with DRR questions.
Attitudes that dismiss the role of ecosystems in the context of DRR or
overemphasize it are equally counterproductive when trying to reduce
the impacts of hazards on people and societies. Taking a scientific, sys-
tems and analytical approach is important in order to avoid investing in
the wrong measures and wasting limited resources. Therefore, science has
a particularly important role to play in the context of DRR, sustainable
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Table 1.3 Social, economic and governance indicators for Haiti and the Domini-

can Republic

Indicator Haiti Dominican Republic ~ Year
GDP per capita (PPP 1,892 7,449 2004
Us$)!
Life expectancy at 52 67.5 2004
birth (years)!
Proportion of 47 27 2001-3
undernourished
(per cent)!
Under 5 mortality (per 117 32 2004
’000 live births)!
Human development 154 94 2004
index rank!
Population with 54 95 2004
sustainable access to
improved water
sources (per cent)!
Population with 30 78 2004
sustainable access to
improved sanitation
(per cent)!
Life expectancy index! 0.45 0.71 2004
Human poverty index 39.4 11.9 2004
(per cent)!
Population below 65.0 28.6 1990-
national poverty line 2003
(per cent)!
Land area (*000 ha)? 2,756 4,832 2004
Permanent crop land? 280,000 ha = 450,000 ha = 2004
10.2 per cent 9.3 per cent

Forest cover? 105,800 ha = 1,972,000 ha = 2004
3.8 per cent 40.8 per cent

Degraded land® None: 0 per cent, None: 0 per cent, 2005
light: 0 per cent, light: 0 per cent,
moderate: 1 per moderate: 59 per
cent, severe: 1 per cent, severe: 40
cent, very severe: per cent, very
98 per cent severe: 1 per cent

Population density 334 189 2004
(people per km?)*

Electrification rate 36.0 92.5 2005

(per cent)’
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Table 1.3 (cont.)

Indicator Haiti Dominican Republic ~ Year

Control of corruption 2 41 2004
(percentile rank
among all countries)®

Sources: 1 UNDP (2006); 2 <http://faostat.fao.org/DesktopDefault.aspx?PageID=
377&lang=en#ancor>; ° <ftp://ftp.fao.org/agl/agll/docs/wsr.pdf>; <http://data.
worldbank.org/indicator/EN.POPDNST?page=1>; SIEA  (2006); ° <http://info.
worldbank.org/governance/wgi/sc_country.asp> (the lower the number, the lower
the control of corruption).

Note: Indicator values were selected for time periods close to Tropical Storm
Jeanne to reflect the situation then.

development and CCA, the last two being discussed intensively in the
context of Rio+20 and the Climate Adaptation Fund.

Moving towards integration of ecosystems, disaster risk
reduction and climate change adaptation

Concepts of risk and vulnerability are addressed by various communities:
disaster risk reduction, climate change adaptation and sustainability sci-
ence, to name only the most prominent ones. Concepts and definitions
used by these communities vary greatly (for example, Renaud and Perez,
2010). Because sustainable development, climate change adaptation and
disaster risk reduction are intimately linked, attempts are being made by
researchers and experts to find common understanding on key concepts
and definitions. For example, Birkmann and von Teichman (2010), who
reviewed the status of integration between DRR and CCA, showed that
major differences between the two are linked to different spatial and
temporal scales of analysis, different knowledge bases and different
norms, and they propose various evaluation and quality criteria to link
the two more effectively. Costa and Kropp (2012) further showed the dif-
ferences and commonalities with respect to the concept of vulnerability
between the CCA and DRR communities, which paves the way for
greater understanding in the future. More recently, the IPCC Special Re-
port on extreme events (2012) applied definitions of disaster risk that are
closely related to those used in the ISDR system.

International and intergovernmental forums have recently started to
push for better integration between DRR and CCA. In the Bali Action
Plan, the Parties to the United Nations Framework Convention on Cli-
mate Change (UNFCCC) recognized the links between DRR and climate
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change (UNFCCC, 2008). In 2010, the UNFCCC Cancun Adaptation
Framework formally recognized DRR as an essential element of CCA
and encouraged governments to consider linking adaptation measures to
the Hyogo Framework for Action (UNFCCC, 2011a: paragraph 14(e);
Llosa and Zodrow, 2011).

The profile of ecosystem-based approaches to adaptation has risen
within the UNFCCC process and is featured prominently in particular
within the discussions on the Nairobi Work Programme (NWP) on im-
pacts, vulnerability and adaptation to climate change. At the UNFCCC
negotiations held in Durban, South Africa, in November—-December 2011,
the 35th session of the Subsidiary Body for Scientific and Technological
Advice (SBSTA) under the NWP presented a report that synthesized the
state of knowledge on EbA (UNFCCC, 2011b). Noteworthy is the re-
port’s emphasis on the “vital role healthy ecosystems can play in main-
taining and increasing resilience to climate change and in reducing
climate-related risk and vulnerability” (UNFCCC, 2011b: para. 5). Ex-
amples of EbA measures include “flood defence through the maintenance
and/or restoration of wetlands and the conservation of agricultural biodi-
versity in order to support crop and livestock adaptation to climate
change” (UNFCCC, 2011b: para. 5). Although the theoretical concept of
EbA is relatively new, the report acknowledges that practical approaches
of EbA have long been applied by communities locally in response to the
effects of climate variability and/or long-term climate change.

Adopting a broader perspective towards sustainable ecosystem man-
agement, therefore, helps tackle the challenges of DRR and CCA in a
much more integrated manner. Especially in the context of climate
change and the scale of solutions needed to adapt to weather extremes,
human-built infrastructure — such as dams, dykes and seawalls — alone
may not be feasible, owing to their high costs and technology require-
ments. Ecosystems and the services they provide are often more locally
accessible especially to poor and rural communities and less expensive to
maintain than human-built infrastructure (UNFCCC, 2011b: para. 10),
although engineered and ecosystem-based measures can be combined in
a complementary way and are not necessarily mutually exclusive (Chap-
ters 9 and 10 in this volume).

Ecosystem-based DRR approaches can be readily applied in the con-
text of adaptation and bring together knowledge, expertise, experience
and resources from three distinct communities: environment, disaster
management and climate change adaptation. In this regard, ecosystem-
based DRR can potentially deliver on multiple development priorities
across different sectors, producing cost-effective, “win—-win” solutions
(discussed further in Chapter 2 in this volume).
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Objectives of the book

In September 2010, the Partnership for Environment and Disaster Risk

Reduction (PEDRR) organized a workshop in Bonn, Germany, on Eco-

systems, Livelihoods and Disaster Risk Reduction that was attended by

international scientists and experts.* The objectives of the workshop were
to:

e take stock of the latest scientific developments on the linkages between
ecosystems and their role in DRR, with a focus on reducing threats
and vulnerabilities and increasing the resilience of social-ecological
systems;

¢ take stock of good practices on ecosystem-based approaches for DRR;
and

e enhance the dialogue between the scientific and practitioner commun-
ities in order to improve knowledge and practice.

A conclusion of the workshop was to bring together several of the pre-
sented papers and to invite additional contributions to illustrate the sci-
entific and knowledge basis of the role of ecosystems and DRR. The aim
of this book is to provide an overview of knowledge and practice in this
multidisciplinary field of ecosystem management and DRR. It was in-
tentional to invite contributions from both scientists and the practitioner
community in order to capture their respective perspectives on the topic.
This book does not claim to provide an exhaustive review or representa-
tion of this continually evolving field. Many hazards are not addressed
here, such as earthquakes, wildfires and volcanic eruptions. There are
knowledge gaps, for instance related to quantifying the cost-effectiveness
of ecosystem-based DRR approaches (vis-a-vis engineered measures),
which the PEDRR network and contributing authors have been unable
to address adequately (see also Chapter 9). Rather, this book is a starting
point for what we hope will be a continuing dialogue between scientists,
practitioners and, ultimately, policy-makers and development planners.

Definitions of some key terms used throughout the book

There are many different definitions of key terms linked to risk assess-
ment, depending on the scientific and expertise domain and the context
within which risk assessment is performed. Contributors to this book
come from a diversity of backgrounds and it was decided at the outset
not to prescribe specific definitions for key terms but to let the authors of
the chapters provide the reader with their own definition of the terms.
Box 1.1 provides some definitions typically used.
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Box 1.1 Use of terms

As editors, we have, for the most part, adopted the ISDR terminology

for key terms, unless otherwise specified:

A hazard is a dangerous phenomenon of environmental origin that
may cause loss of life, injury or other health impacts, property dam-
age, loss of livelihoods and services, social and economic disruption,
or environmental damage (adapted from UNISDR, 2009a).

A disaster constitutes a serious disruption of the functioning of a com-
munity or a society involving widespread human, material, economic
or environmental losses and impacts, which exceeds the ability of
the affected community or society to cope using its own resources
(UNISDR, 2009a).

Vulnerability is the intrinsic and dynamic feature of an element at risk
(community, region, state, infrastructure, environment, etc.) that de-
termines the expected damage/harm resulting from a given hazard-
ous event and is often even affected by the harmful event itself.
Vulnerability changes continuously over time and is driven by physi-
cal, social, economic and environmental factors (Thywissen, 2006).

Resilience is the ability of a system and its component parts to antici-
pate, absorb, accommodate or recover from the effects of a hazard-
ous event in a timely and efficient manner, including through
ensuring the preservation, restoration or improvement of its essen-
tial basic structures and functions (IPCC, 2012).

Risk is the probability of harmful consequences — or loss in lives,
health status, livelihoods, assets and services — resulting from inter-
actions between natural or human-induced hazards and vulnerable
conditions (adapted from UNISDR, 2009a). Risk is conventionally
expressed by the equation: Risk = Hazard x Vulnerability x Expo-
sure (UNDP, 2004), although, for some, exposure is integrated in the
vulnerability component.

Finally, adaptation is an adjustment in natural or human systems in re-
sponse to actual or expected climatic stimuli or their effects that
moderates harm or exploits beneficial opportunities (IPCC, 2007b).

Structure of the book

The book is divided into five main sections. Part I, entitled “Why do eco-
systems matter in disaster risk reduction?”, comprises this introductory
chapter and a literature review by Estrella and Saalismaa (Chapter 2).
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Part 11, “Ecosystems and coastal disaster risk reduction”, has six contri-
butions. The first two chapters address the role of coastal vegetation and
other ecosystem features in buffering against coastal hazards. Hettiarach-
chi et al. (Chapter 3) present results of flume simulations of coastal fea-
tures dissipating the energy of tsunami waves, while Lacambra et al.
(Chapter 4) provide a comprehensive review of the role of coastal vege-
tation in terms of hazard mitigation and livelihood maintenance. Peduzzi
et al. (Chapter 5) present an example of how ecosystem and risk assess-
ments were integrated in Jamaica through the RiIVAMP methodology de-
veloped by the United Nations Environment Programme (UNEP). Beck
et al. (Chapter 6) present the “Coastal Resilience” programme, which
aims to support decision-making to reduce socioeconomic and ecological
vulnerability to coastal hazards, and they provide an example of its ap-
plication in New York and Connecticut in the United States of America.
This chapter is followed by Colenbrander et al. (Chapter 7), who describe
the risk reduction strategies put in place for coastal areas by the City of
Cape Town in South Africa. The last chapter in this section by Mavro-
genis and Kelman (Chapter 8) describes lessons learned from the chal-
lenges and local initiatives on ecosystem-based climate work in Tonga.

Part III, “Water resources management for disaster risk reduction”, has
three chapters. Van Eijk et al. (Chapter 9) describe the regulating role of
wetlands for maintaining dynamic river basins for flood management and
community resilience; Dalton et al. (Chapter 10) discuss Integrated Water
Resources Management for reducing water-induced disasters; and Fogde
et al. (Chapter 11) present a case study in Mozambique looking into sani-
tation initiatives during major floods.

Part IV, “Sustainable land management for disaster risk reduction”, has
contributions from: Papathoma-Koehle and Glade on the role of vegeta-
tion cover change for landslide hazard and risk (Chapter 12); Wehrli and
Dorren on protection forests as a key factor in integrated land and risk
management in the Alps (Chapter 13); and Jaquet et al., who describe
initial results on the role of community forests in terms of landslide risk
reduction in Nepal (Chapter 14).

The last section, entitled “Policy, planning and future perspectives”,
addresses the role of protected areas in mitigating disasters (Dudley et
al., Chapter 15); the role of ecosystems in the context of urban risks
(Guadagno et al., Chapter 16); and the role of environmental impact
assessments and strategic environmental assessments in disaster manage-
ment (Gupta and Nair, Chapter 17). Estrella et al. (Chapter 18) provide a
conclusion and way forward in terms of addressing, scientifically and po-
litically, the integration of ecosystems, their services, livelihoods and dis-
aster risk reduction.
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Notes

1. In this book, we will refer to disasters caused by environmental hazards as a result of
either geological or hydro-meteorological events that may have been aggravated by hu-
man activities (e.g. land-use change) or induced climate change. We therefore exclude
technology-related disasters, although it is sometimes impossible to distinguish between a
cascading chain of events such as occurred when the Tohoku earthquake generated tsu-
nami waves leading to a nuclear meltdown in Japan in 2011.

2. For EM-DAT (2012) a hazard event is considered a disaster when 10 or more people are
reported killed; or 100 or more people are reported affected; or a declaration of a state
of emergency is issued; or a call for international assistance is made.

3. According to EM-DAT (2012), “people affected” implies “people requiring immediate
assistance during a period of emergency; it can also include displaced or evacuated
people”.

4. See <http://www.pedrr.net/> for more information on the partnership.
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Ecosystem-based disaster risk
reduction (Eco-DRR): An overview

Marisol Estrella and Nina Saalismaa

What is a disaster?

A disaster is generally defined as a serious disruption of the functioning
of a community or society that results in widespread damage and losses
and that exceeds the ability of the affected community or society to cope
using its own resources (UNISDR, 2009a). Disasters occur when three
main conditions are present: one or more hazard events, vulnerability and
exposure to physical hazards.

It is important to distinguish between a hazard event and a disaster.
Physical hazards such as cyclones, flooding or landslides do not by them-
selves cause disasters. A disaster takes place when the effects of a hazard
event overwhelm a community’s or society’s ability to cope with the dam-
ages incurred. The impacts from a hazard are determined by the degree
of people’s and society’s vulnerabilities and exposure to the hazard event.
Put simply, disasters are not natural and adverse impacts may be pre-
vented, mitigated and/or anticipated through human efforts that analyse
and reduce the causal factors of vulnerability and exposure. Although
physical hazards such as earthquakes and cyclones cannot be prevented,
the likelihood of potential damage or risks can be limited or managed
more effectively. Therefore, disaster risk reduction (DRR) is essentially
about minimizing the impact of hazard events by enhancing capacities to
better manage and recover from the effects of hazards.

Exposure is expressed as the number of people, the amount of infra-
structure or other elements of value that are present in a hazard zone

The role of ecosystems in disaster risk reduction, Renaud, Sudmeier-Rieux and Estrella (eds),
United Nations University Press, 2013, ISBN 978-92-808-1221-3
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and therefore subject to losses. As more and more people and their assets
(livelihoods, property, infrastructure, etc.) become concentrated in hazard-
prone zones, they increase their exposure; thus, their risk of potential losses
increases. Managing exposure is therefore about improving land-use plan-
ning and zoning and, when needed, evacuating people from a hazard zone.

Vulnerability, on the other hand, is quite a complex concept that is con-
sidered independent from exposure by the United Nations International
Strategy for Disaster Reduction (UNISDR, 2009a) but embedded with
exposure by many social science researchers and within the climate
change community. Interestingly, many of the definitions of the Inter-
governmental Panel on Climate Change have recently changed to be-
come more aligned with those of UNISDR, notably its definition of
vulnerability, which is now given as “the propensity or predisposition to
be adversely affected” (IPCC, 2012: 3). In all cases, the question of vul-
nerability is critical for understanding disasters and making choices about
how to intervene (Twigg, 2004). Although there are multiple, varying defi-
nitions of vulnerability (see Birkmann, 2006), on the whole it is used to
describe a range of factors — physical, social, economic, environmental,
cultural, political/institutional, and even psychological — that shape how
hazards affect communities. Vulnerability reveals structural economic
and social reasons why people choose — or are obliged — to live the way
they do and reside in hazardous locations (Wisner et al., 2004). Often a
whole chain of causal factors is involved, with environmental drivers as
an important component of vulnerability. In this regard, vulnerability is
inversely related to an enhanced capacity to prepare and plan for, cope
with and recover from hazard impacts. Mortality risk associated with
weather-related hazards is now declining globally as a result of strength-
ened risk governance capacities, but economic loss risk continues to in-
crease across all regions, especially threatening the economies of
low-income countries (UNISDR, 2011).

With disaster risk increasing globally and compounded by the potential
impacts of climate change, traditional approaches to disaster manage-
ment, which focused heavily on disaster response capacities or engi-
neered infrastructure as physical defences, may no longer be sufficient.
There is need to think and act differently about the risks we face, the vul-
nerabilities that drive risk, and the available forms of capital or resources
that could be harnessed for reducing risk.

Ecosystem management provides important and readily accessible so-
lutions to DRR by enhancing a system’s and a community’s overall resil-
ience, or its ability to effect positive change or “bounce forward”
(Manyena et al., 2011). Ecosystem-based approaches to DRR offer a
good alternative and/or complement because they are often already part
of livelihood and hazard mitigation strategies of local communities.
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Box 2.1 Definition of ecosystem

Ecosystem = dynamic complex of plants, animals and other living com-
munities and the non-living environment interacting as a functional
unit. Humans are an integral part of ecosystems.

Source: Millennium Ecosystem Assessment (2005: v).

This chapter provides an overview of the important linkages between
environment and disasters and the role of ecosystems in DRR. It dis-
cusses a range of available ecosystem management approaches that have
been applied for DRR, drawing on case studies and examples from
around the world. Finally, it elaborates on key challenges to implement-
ing ecosystem-based disaster risk reduction (Eco-DRR) and proposed
ways forward.

Understanding linkages between the environment, disasters
and development

That the environment, development and disasters are linked is now
widely accepted. What is less understood is the multidimensional role of
the environment in the context of disasters, and how environment-—
disaster linkages in turn are affected by development processes that cre-
ate or perpetuate vulnerabilities (Sudmeier-Rieux and Ash, 2009; UNEP
and UNISDR, 2008).

Disasters can have adverse consequences on the environment and on
ecosystems in particular, which could have immediate to long-term effects
on the populations whose life, health, livelihoods and well-being depend
on ecosystems and the natural resources they provide. Environmental
impacts may include: (i) direct damage to natural resources and infra-
structure, affecting ecosystem functions, (ii) acute emergencies from the
uncontrolled, unplanned or accidental release of hazardous substances,
especially from industries, and (iii) indirect damage as a result of post-
disaster relief and recovery operations that fail to take their potential en-
vironmental impacts into account (see Figure 2.1). As a result, existing
vulnerabilities may be exacerbated or, worse, new vulnerabilities and risk
patterns may emerge, especially in circumstances where there are cumu-
lative impacts due to recurring natural hazards (UNEP and UNISDR,
2008).

On the other hand, environmental degradation itself is a major driver
of disaster risk (UNISDR, 2009b). Degraded ecosystems can aggravate
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Figure 2.1 Environmental causes and consequences of disasters
Source: Adapted from UNEP and UNISDR (2008).

the impact of natural hazards, for instance by altering physical pro-
cesses that affect the magnitude, frequency and timing of these hazards.
This has been evidenced in areas such as Haiti and Pakistan, where very
high rates of deforestation have led to increased susceptibility to floods
and landslides during hurricanes and heavy rainfall events (Peduzzi,
2010; Sudmeier-Rieux et al., 2011).1 In the United States, the devasta-
tion caused by Hurricane Katrina in 2005 was exacerbated as a result of
canalization and drainage of the Mississippi floodplains, a decrease in
delta sedimentation owing to dams and levees, and degradation of bar-
rier islands (Batker et al., 2010; Day et al., 2007; see also World Bank,
2010).

Environmental degradation also contributes to risk by increasing socio-
economic vulnerability to hazard impacts as the capacity of degraded
ecosystems to meet people’s needs for food and other services is reduced
(UNISDR, 2009a). This was the case in Myanmar, where existing degra-
dation of coastal vegetation limited livelihood recovery efforts follow-
ing the devastating impacts of Cyclone Nargis in 2005 (UNEP, 2009).
Poor communities are particularly affected because their livelihoods
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depend heavily on natural resources and ecosystem services (Millennium
Ecosystem Assessment, 2005). Climate change is expected to further in-
crease vulnerabilities, with unpredictable precipitation patterns and other
extreme weather events, as well as the adverse impacts on ecosystems’
structures and functions that weaken their natural resilience against haz-
ards (Campbell et al., 2009; IPCC, 2012; Sudmeier-Rieux and Ash, 2009;
World Bank, 2010).

However, it is important to keep in mind the multiple causal factors of
vulnerability and drivers of risk, with the natural environment and envir-
onmental degradation as only one factor. A more in-depth analysis, for
instance, of differences between Haiti and the Dominican Republic with
respect to hazard impacts shows that, in addition to environmental degra-
dation, higher vulnerability in Haiti is linked to extent of land area, pop-
ulation density and gross domestic product per capita, amongst other
factors (see Chapter 1 in this volume).

Environment-disaster linkages should be examined in the broader
context of development. Linkages between poverty, environmental de-
gradation and disaster risk are now better documented; the poor often
occupy fragile and marginal spaces, suffer the highest casualties and
generally have the least capacity to recover from disasters (TEEB, 2010;
UNISDR, 2009b). Nonetheless, vulnerability extends beyond poverty, as
development policies and economic activities may also create unsafe con-
ditions. For instance, urbanization and agricultural intensification have re-
sulted in significant land-cover and land-use changes as well as natural
resource overexploitation, increasing human exposure to hazards.

What is ecosystem-based disaster risk reduction?

Ecosystem-based disaster risk reduction (Eco-DRR) is the sustainable
management, conservation and restoration of ecosystems to reduce disas-
ter risk, with the aim of achieving sustainable and resilient development.
People derive indispensable benefits from nature, also known as ecosys-
tem services (see Box 2.2), which can be harnessed for hazard mitigation,
disaster recovery, climate change mitigation and adaptation, livelihoods
development and poverty reduction (Figure 2.2). In contrast to conven-
tional engineering solutions such as floodwalls or dykes, Eco-DRR pro-
vides multiple benefits for human well-being regardless of a disaster
event, and involves relatively low-cost construction and maintenance
where ecosystems are healthy and well managed. In this regard, Eco-
DRR is considered to be a cost-effective, no-regret investment (PEDRR,
2010; TEEB, 2010).
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Box 2.2 Definition of ecosystem services

Ecosystem services = the direct and indirect benefits people obtain

from nature

Examples:

Provisioning services: food, raw materials, freshwater, medicinal
resources

Regulating services: natural hazard control, erosion control, air quality
regulation, climate regulation, water purification, disease and pest
regulation, pollination

Cultural services: recreation, tourism, spiritual fulfilment, aesthetic and
cultural inspiration

Supporting services: soil formation, nutrient cycling

Source: Millennium Ecosystem Assessment (2005: 40).
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Figure 2.2 Multiple benefits of ecosystems
Source: Authors’ figure, presented at the PEDRR training course.

Linking ecosystems to disaster risk reduction

Ecosystems contribute to reducing disaster risk in two important ways. If
healthy and appropriately managed, ecosystems can provide natural pro-
tection (that is, reduced hazard exposure) and can enhance the livelihood
resilience of hazard-prone communities (Sudmeier-Rieux and Ash, 2009).
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Sustainable or healthy ecosystems imply that the functional integrity of
ecosystems is largely intact and that human demand for ecosystem ser-
vices does not impinge upon the capacity of ecosystems to maintain fu-
ture generations (Sudmeier-Rieux and Ash, 2009).

Providing natural protection

Ecosystems can reduce physical exposure to common natural hazards,
namely landslides, flooding, avalanches, storm surges, wildfires and
drought, by serving as natural protective barriers or buffers (ProAct Net-
work, 2008; Sudmeier-Rieux and Ash, 2009; World Bank, 2010). For ex-
ample, in the European Alps, mountain forests have a long history of
being managed for protection against avalanches and rock fall (Chapter
13 in this volume).? In Switzerland, national guidelines for protection for-
est management have been developed collaboratively with local forest
managers and scientists, and the state provides financial incentives to
manage forests for hazard protection (Brang et al., 2006).

Several countries in Europe — such as Germany, the Netherlands, the
United Kingdom, East European countries bordering the Danube River
(WWEF, 2008) and Switzerland (Département du Territoire, 2009)* — aim
to mitigate floods through “Making Space for Water” initiatives that re-
move built infrastructure (such as concrete river channels) and restore
wetlands and rivers to improve their water retention capacity (Box 2.3).*

Box 2.3 “Making Space for Water”: A government strategy for flood and
coastal erosion risk management in the UK

In 2005 the UK’s Department for Environment, Food and Rural
Affairs (Defra) launched the government programme “Making Space for
Water”, which developed an innovative country strategy for flood and
coastal erosion risk management. This initiative was triggered by severe
flooding events in 2005, 2000 and 1998. Various projects are taking
place throughout the UK to assess how natural resources and processes
can help to protect against floods, improve urban drainage and reduce
coastal erosion. In the past, there was heavy reliance on rigid, man-
made structures for flood risk management along the UK’s riverbanks
and coastlines, which required constant repair and costly upgrades. The
new approach to risk management adopts the use of natural infra-
structure and processes for hazard mitigation. This programme aims to
address future development pressures, address rising coastal hazards
as a result of climate change, and reduce hazard mitigation costs.

Source: Defra (2005).
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Box 2.4 Community-based forest rehabilitation for slope stability, Bolivia

“The PROFOR reforestation project (Programa de Repoblamiento
Forestal), supported by the Swiss Development Cooperation [sic], was
implemented for 15 years in rural areas of the Bolivian Altiplano.
PROFOR used a community forestry approach for slope stabilisation
and income generation. 80 hectares of forest plantations were estab-
lished in one of the project areas, Khuluyo Village, where environ-
mental degradation had increased the risk of landslides from
surrounding hillsides. In 2003, PROFOR results in Khuluyo were as-
sessed through community consultations and social mapping. Results
indicated that PROFOR project activities had diversified livelihoods
and improved both slope stability and the condition of watersheds.
This in turn, increased community resilience to climatic risks, including
resilience to extended dry periods and landslides. The case suggests
that addressing climate change adaptation within development coop-
eration should include sustainable management of natural resources as
a strategy to improve resilience in rural livelihoods.”

Source: Robledo et al. (2004: Abstract).

In Argentina, extensive areas of natural forest are protected to provide
services for flood control, which is seen as a low-cost alternative to costly
infrastructure, with added biodiversity benefits (World Bank, 2010). In
Bolivia, community-based forest rehabilitation is being used for slope
stabilization (Box 2.4).

Following the 2004 Indian Ocean tsunami, numerous coastal refor-
estation projects were initiated in Asia to restore affected areas and to
provide protection against coastal hazards. For example, Indonesia an-
nounced plans to reforest 600,000 hectares of depleted mangrove forest
in five years, and the governments of Sri Lanka and Thailand launched
large programmes to rehabilitate mangrove areas for coastal protection
(Harakunarak and Aksornkoae, 2005). Multi-partner initiatives, such as
Green Coasts and Mangroves for the Future,’ have supported sustainable
post-tsunami coastal development and resilience-building with respect to
hazards in the main tsunami-affected countries. However, there remains
considerable scientific debate regarding the tsunami mitigation potential
of coastal ecosystems (see Chatenoux and Peduzzi, 2007; Iverson and
Prasad, 2008; Kerr et al., 2009; Olwig et al., 2007; Osti et al., 2009). Their
hazard-mitigating effects against lower-magnitude, non-tsunami coastal
hazards, such as tropical storms, are better acknowledged (FAO, 2007a;
10C, 2009; see also Table 2.1).



34 MARISOL ESTRELLA AND NINA SAALISMAA

Table 2.1 Hazard mitigation functions of ecosystems

Ecosystem Hazard mitigation

Mountain forests, e Vegetation cover and root structures protect against
vegetation on erosion and increase slope stability by binding soil
hillsides together, preventing landslides (Dolidon et al., 2009;

Norris et al., 2008; Peduzzi, 2010).

e Forests protect against rock fall and stabilize snow,
reducing the risk of avalanches (Bebi et al., 2009; Dorren
et al., 2004).

e Catchment forests, especially primary forests, reduce risk
of floods by increasing infiltration of rainfall and delaying
peak floodwater flows, except when soils are fully
saturated (Krysanova et al., 2008).

e Forests on watersheds are important for water recharge
and purification, drought mitigation and safeguarding
drinking water supply (see World Bank, 2010).

e See Chapters 12, 13 and 14 in this volume.

Wetlands, e Wetlands and floodplains control floods in coastal areas,
floodplains inland river basins and mountain areas subject to glacial

melt (Campbell et al., 2009).

e Peatlands, wet grasslands and other wetlands store water
and release it slowly, reducing the speed and volume of
runoff after heavy rainfall or snowmelt in springtime.

e Marshes, lakes and floodplains release wet season flows
slowly during drought periods.

e See Chapters 3 and 10 in this volume.

Coastal e Coastal wetlands, tidal flats, deltas and estuaries reduce
ecosystems the height and speed of storm surges and tidal waves.
(mangroves, e Coastal ecosystems protect against hurricanes, storm
saltmarshes, surges, flooding and other coastal hazards — combined
coral reefs, protection by coral reefs, seagrass beds and sand dunes/
barrier islands, coastal wetlands/coastal forests is particularly effective
sand dunes) (see, for example, Badola and Hussain, 2005; Batker et

al., 2010; Granek and Ruttenberg, 2007).

¢ Coral reefs and coastal wetlands such as mangroves and
saltmarshes absorb (low-magnitude) wave energy, reduce
wave heights and reduce erosion from storms and high
tides (Mazda et al., 1997; Méller, 2006; Vo-Luong and
Massel, 2008).

e Coastal wetlands buffer against saltwater intrusion and
adapt to (slow) sea level rise by trapping sediment and
organic matter (Campbell et al., 2009).

e Non-porous natural barriers such as sand dunes (with
associated plant communities) and barrier islands
dissipate wave energy and act as barriers against waves,
currents, storm surges and tsunamis (IOC, 2009; UNEP-
WCMC, 2006).

e See Chapters 3,4, 5,6 and 7 in this volume.
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Table 2.1 (cont.)

Ecosystem Hazard mitigation

Drylands e Natural vegetation management and restoration in
drylands contributes to ameliorate the effects of drought
and control desertification, as trees, grasses and shrubs
conserve soil and retain moisture.

e Shelterbelts, greenbelts and other types of living fences
act as barriers against wind erosion and sand storms.

e Maintaining vegetation cover in dryland areas and
agricultural practices such as use of shadow crops,
nutrient-enriching plants and vegetation litter increase
resilience to drought (Campbell et al., 2009; Krysanova et
al., 2008).

e Prescribed burning and creation of physical firebreaks in
dry landscapes reduce fuel loads and the risk of
unwanted large-scale fires.

Source: Based on PEDRR (2010: Table 2.2).

It is suggested that the regulating services of ecosystems may form the
largest portion of the total economic value of ecosystem services, al-
though they are also, along with cultural services, the most difficult to
measure in economic terms (TEEB, 2010). Unfortunately, up to 70 per
cent of ecosystem-regulating services are being degraded or used unsus-
tainably (Millennium Ecosystem Assessment, 2005).

Some examples of the economic values of ecosystems’ hazard mitiga-
tion functions are presented in Table 2.2, although it is important to note
that ecosystem service values are often very context specific. For example,
the role of coastal vegetation in protecting against extreme weather
events can be vital or marginal, depending on the location of a commu-
nity. In consequence, the value of a service measured in one location can
be extrapolated to similar sites and contexts only if suitable adjustments
are made (TEEB, 2010). In addition, it is often difficult to assess the full
economic value of a given ecosystem, especially non-use values, although
even approximate estimates can be useful to guide resource management
decisions. Information on monetized hazard mitigation values of ecosys-
tems is still scarce, but through The Economics of Ecosystems and Bio-
diversity (TEEB) programme as well as similar initiatives by the World
Bank to incorporate the value of natural capital into national accounting
systems,® amongst others, considerable attention and efforts are now
under way to better address the economic valuation of ecosystem ser-
vices, including hazard mitigation values, and their subsequent incorpora-
tion into national planning.



36  MARISOL ESTRELLA AND NINA SAALISMAA

Table 2.2 Examples of the estimated economic value of ecosystem services for
natural hazard mitigation

Hazard mitigation

Ecosystem Hazard value (USS$) Sources
Coral reefs (global) Coastal 189,000/hectare/year TEEB (2010)
Coral reefs Coastal 700,000-2.2 billion Conservation
(Caribbean) per year (total International
value) (2008)
Coastal wetlands Hurricane 8,240/hectare/year Costanza et al.
(United States) (2008)
Coastal wetlands Storms 23.2 billion/year Costanza et al.
(United States) (total value) (2008)
Luziice floodplain Floods 11,788/hectare/year ProAct Network
(Czech Republic) (2008)
Muthurajawela marsh ~ Flood 5 million/year (total ~ Emerton and
(Sri Lanka) value); 1,750/ Bos (2004);
hectare/year see also
Emerton and
Kekulandala
(2003)
Coastal ecosystems Disturbance  77,420/hectare/year Brenner et al.
(Catalonia, Spain) protection, (2010)
including
storms
Protection forests Avalanche 1,000/hectare/year Dorren and

along mountain
roads (Switzerland)

(total value) or a
replacement value
of 18,000-53,000
per hectare

Berger (2012)

Source: Based on PEDRR (2010: Table 2.1).

Enhancing livelihood resilience

Ecosystems also reduce disaster risk by reducing social and economic
vulnerability and by enhancing livelihood resilience. Ecosystems sustain
human livelihoods and provide essential goods such as food, fibres, medi-
cines and construction materials, which are important for strengthening
local resilience against disasters. For example, in addition to providing
coastal hazard protection, mangroves, coral reefs and seagrass beds sup-
port fishing and tourism activities on which local livelihoods are heavily
reliant (Campbell et al., 2009). In China, wetlands are being restored for
flood mitigation while providing other social and economic benefits that
can reduce vulnerability to hazard impacts (see Box 2.5). In Mexico, the
World Bank is undertaking a large-scale coastal wetland and mangrove
swamp restoration project for coastal protection as well as for commu-
nity water supply and food production (World Bank, 2010).
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Box 2.5 Restoring wetlands for flood mitigation and local development,
China

“In Hubei Province, a wetland restoration programme by WWF and
partners reconnected lakes to Yangtze River and rehabilitated 448 km?
of wetlands with a capacity to store up to 285 million m?® of flood-
waters. The local government subsequently reconnected further eight
lakes covering 350 km?. Sluice gates at lakes have been seasonally re-
opened, and illegal aquaculture facilities have been removed or modi-
fied. Local administration has designated lake and marshland areas as
nature reserves. In addition to contributing to flood prevention,
restored lakes and floodplains have enhanced biodiversity, increased
income from fisheries by 20-30% and improved water quality to drink-
able levels. While central government was principally concerned to re-
duce flood risk, local communities and governments were motivated
by better access to clean water and increased incomes. Working in
partnership with government agencies has ensured that new practices
are mainstreamed in daily operations, and similar measures are
adopted in other areas.”

Source: PEDRR (2010: 15, based on WWEF, 2008).

Moreover, in post-disaster contexts, disaster-affected communities, es-
pecially in poor rural areas, often turn to their surrounding environment
to meet immediate needs (food, water, shelter). Ecosystems and the re-
sources they provide thus form an essential part of local coping and re-
covery strategies, reducing people’s vulnerability to hazards. For instance,
in Negril, Jamaica, following a major storm, a local fishing community re-
lies heavily on groundwater springs when floodwaters cut off their pota-
ble drinking water supply; maintaining the water quality of springs would
protect people against waterborne diseases associated with floods (UNEP,
2010). This important role of ecosystems in supporting local recovery is
often poorly acknowledged in post-disaster interventions as well as in
long-term prevention strategies.

Linking Eco-DRR to climate change adaptation

Climate change is expected to increase disaster risk in two ways. It will
result in precipitation and temperature changes and alter the intensity
and frequency of some extreme weather events, and it will thus amplify
vulnerabilities of communities to natural hazards, particularly through ac-
celerated ecosystem degradation, water and food variability and scarcity,
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and changes in livelihoods (for further discussion, see Christensen et al.,
2007; IPCC, 2012; UNISDR, 2009b, 2011). Climate change, however, is
primarily regarded as an added risk factor, aggravating already existing
conditions of vulnerability and exposure that cause disasters (UNISDR,
2009b). Effective climate risk management addresses the projected im-
pacts of climate change by seeking to reduce vulnerability associated
with climate risks and, at the same time, anticipating the potential climate
change impacts across sectors, including on critical ecosystems and the
services they provide.

Ecosystems yield important benefits for climate change mitigation
through carbon sequestration (for example, forests and peatlands) and
for climate change adaptation by buffering against extreme weather
events and sea level rise and by securing the natural assets needed to
make livelihoods resilient to climate change impacts (see Campbell et al.,
2009; Colls et al., 2009; World Bank, 2010). Ecosystem management is
recognized as a key strategy for adapting to climate change (UNFCCC,
2011). This is also known as ecosystem-based adaptation (EbA), which
integrates the use of biodiversity and ecosystem services into a strategy
that reduces vulnerability and increases resilience by helping people
adapt to the adverse impacts of climate change. EbA is closely related
to Eco-DRR. Both approaches recognize the role of healthy and well-
managed ecosystems in enabling communities to prevent, prepare for,
cope with and recover from climate-related disasters and extreme events.
The main differences between the two approaches relate to temporal and
spatial scales: EbA often also addresses long-term climate change im-
pacts and ecosystem changes, whereas Eco-DRR focuses especially on
specific hazard events, often within specified time periods and locations,
that may or may not be linked to climate change or climate variability.

Linking Eco-DRR to sustainable development

Eco-DRR is essentially about promoting sustainable development in
hazard-prone areas. Ecosystem management not only helps mitigate nat-
ural hazard impacts and increase human resilience against hazards but
also generates a range of other social, economic and environmental bene-
fits for multiple stakeholders, which in turn feed back into reduced risk.
In order to be effective, Eco-DRR should be implemented as an inte-
grated approach to address disaster and climate change risks in the con-
text of national and local development planning and within the
framework of overall disaster management strategies.

Eco-DRR combines disaster risk reduction, climate change adaptation
and sound ecosystem management for overall sustainable development
gains (Figure 2.3). Despite the obvious linkages, these three working
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Figure 2.3 Eco-DRR in the framework of sustainable development
Source: Adapted from Sudmeier-Rieux and Ash (2009).

spheres are usually dealt with by different sets of institutional actors and
are regulated by different sets of legal and regulatory frameworks, at
both national and global policy levels. However, the linkages between
ecosystems, disasters, climate change and development need to be ac-
knowledged and steps taken to maximize collaboration, knowledge and
resources for increased cost-effectiveness and overall development gains.

Applications of Eco-DRR

Implementing Eco-DRR can build on existing ecosystem management
principles, strategies and approaches and include a range of instruments,
such as: environmental assessment tools, integrated water resources man-
agement, coastal zone management, integrated fire management, sustain-
able dryland management and protected area management (for a full
discussion, see PEDRR, 2010).

Environmental assessments

Environmental impact assessments (EIAs) and strategic environmental
assessments (SEAs) are the best-known tools for assessing the potential
environmental impacts of proposed policies, programmes or projects.
EIAs and SEAs are being adapted to incorporate analysis of disaster
risk-related information, such as natural hazard profiles and hazard sce-
narios as well as vulnerability indicators, which can potentially adversely
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impact or may be affected by proposed projects, programmes, plans or
policies.

Efforts to mainstream DRR in EIAs have been spearheaded by the
Caribbean Development Bank (CDB) and the Caribbean Community
(CARICOM).” Together they have produced a sourcebook for integrat-
ing natural hazard concerns, including potential climate change impacts,
into the application of EIAs in countries such as Grenada and Trinidad
(CDB and CARICOM, 2004). SEAs also provide an opportunity to en-
sure that disaster risk is considered in weighing alternative development
options (OECD, 2008).® In Sri Lanka, the government in collaboration
with the United Nations Development Programme (UNDP) and the
United Nations Environment Programme (UNEP) carried out an inte-
grated SEA process as part of a post-conflict development initiative. This
process takes into account major hazards in assessing potential vulnera-
bilities with respect to future development in the Northern Province, es-
pecially along the coast (UNDP and Government of Sri Lanka, 2011).
Despite these emerging practices, applications of EIAs and especially
SEAs for disaster risk reduction remain very limited and still need to be
mainstreamed as part of development planning processes.’

Integrated water resources management

Integrated water resources management (IWRM) is a governance and
development process to manage water, land and related resources in
order to maximize economic and social welfare in an equitable manner
without compromising the sustainability of ecosystems (Global Water
Partnership, 2000, 2009). IWRM provides a framework for negotiating
between different water users and ensures a balance between economic
efficiency (allocating scarce water resources to different sectors), social
equity (access to and benefiting from water use) and environmental sus-
tainability (protecting aquatic ecosystems and the water resource base)
(Global Water Partnership, 2000, 2009).

IWRM has the potential for minimizing and managing land-water-
related disaster risks, for instance with respect to excess water (that is, flood
and landslide mitigation) and water scarcity (that is, drought management).
Good IWRM means better policies for improved catchment or watershed
management, which result in multiple benefits including secure water sup-
plies, reduced pollution and sedimentation, and reduced hazards. IWRM
can help build a strong flood or drought mitigation strategy through the
restoration of wetlands, forest and river basins combined with sustainable
land-use planning (see also Chapter 3 in this volume). It may be applied
in a number of contexts, including for managing transboundary river ba-
sins,'” as well as for addressing urban disaster risks (PEDRR, 2011).
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Integrated coastal zone management

Coastal areas are exposed to multiple hazards and often have high con-
centrations of human populations and economic assets. Integrated coastal
zone management (ICZM) provides a multi-stakeholder, multi-sectoral
framework for the sustainable management of coastal zones to ensure
their continued functions and services. It presents an opportunity for ad-
dressing coastal risks in an integrated manner, by adopting a combination
of ecosystem-based measures (for example, greenbelts, coastal forests,
coastal wetlands, sand dunes, coral reefs), engineered measures (for ex-
ample, dykes) and non-structural measures (for example, regulatory
frameworks, awareness-raising).

Numerous country-level experiences draw on ICZM for reducing vul-
nerability to coastal hazards and developing the coastal zone. For ex-
ample, since the 1960s, Bangladesh has implemented ICZM and invested
in mangrove coastal afforestation or greenbelts, with the aim of reducing
the impacts of storm surges as well as providing multiple benefits to local
communities, including timber, fodder and fuelwood production, stabiliz-
ing newly accreted mud flats, and sustaining group-based forestry activ-
ities for additional income (Iftekhar and Islam, 2004). In the United
States, following the devastating impacts of Hurricane Katrina in 2005,
the restoration of coastal wetlands and barrier islands has been adopted
to complement the levee system in the states of Louisiana and Missis-
sippi (see Box 2.6), as part of a comprehensive ICZM strategy (Louisiana-
Mississippi Gulf Coast Ecosystem Restoration Working Group, 2010).!!
(See also Chapters 6 and 7 in this volume for other examples of coastal
planning.)

Box 2.6 Preserving wetlands for flood protection, New Orleans, USA

“Following the disastrous failure of flood defence structures during
Hurricane Katrina in 2005, the State of Louisiana and the City of New
Orleans have undertaken steps to increase their resilience to sea-level
rise, hurricanes and river flooding. An approach using several lines of
defence has been adopted. One of the key protection measures is the
conservation and restoration of wetlands as a buffer zone between the
sea and the city. Detailed actions promoting wetlands as green infra-
structure are included in the New Orleans Masterplan” (Kazmierczak
and Carter, 2010: v). This signals a significant change, from an empha-
sis on levees and floodgates to the incorporation of more natural solu-
tions in flood defence.
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Integrated fire management

Integrated fire management aims to balance the beneficial and negative
effects of fire in a given area and reduce the risk of wildfire disasters
threatening human life and ecosystem functions.'” In South Africa, inte-
grated fire management has become an important employment opportu-
nity for marginal community members, while effectively reducing the risk
of unwanted fires through prescribed burning and community sensitiza-
tion (PEDRR, 2010).13 Several countries in Europe also use prescribed
burning both for decreasing wildfire hazards and for biodiversity and for-
est management objectives, and there is growing interest in the better use
and integration of traditional fire use and management (Goldammer,
2010; Rego et al., 2010).

Sustainable dryland management

Sustainable dryland management is an approach that attempts to manage
arid, semi-arid and sub-humid lands for food production and other hu-
man needs without compromising the long-term sustainability of the
fragile natural resource base (water, soil) and ecosystem functions. The
approach involves traditional and innovative techniques that enhance
land, soil and water conservation.

Restoring and maintaining the provision of dryland ecosystems’ goods
and services are key to enhancing the economic and social well-being of
dryland communities and strengthening their capacity to manage rainfall
scarcity and uncertainty (see Box 2.7). Most drought mitigation strategies
traditionally practised in drylands are ecosystem based. Well-known ex-
amples are mobile livestock herding to avoid climatic risks and the col-
lection and consumption of wild fruits and roots as a major coping
strategy during drought periods (Okori et al., 2009). Agricultural prac-
tices such as agroforestry (that is, intercropping food crops with trees),
mulching, rainwater harvesting and use of shelterbelts contribute to con-
serve water and soils, reduce wind erosion and restore fertility, which im-
proves community resilience during dry conditions (Campbell et al.,
2009).

Protected area management

Although protected area management is commonly associated with na-
ture conservation and tourism, history shows that human societies have
long practised principles of protected area management for their multiple
benefits, such as for hunting, cultivation and grazing, as well as for their
buffering effects against natural hazards. For instance, Japan introduced
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Box 2.7 Resilience to drought through agro-ecological restoration of
drylands, Burkina Faso and Niger

Two different, but almost simultaneous, agro-ecological restoration
processes started 30 years ago in the Sahel area of Africa to increase
water availability, restore soil fertility and improve agricultural yields
in degraded drylands. These initiatives were led by poor farmers from
southern Niger and the Central Plateau of Burkina Faso whose liveli-
hoods had been increasingly affected by drought and land degrada-
tion. With very little external support, local farmers experimented with
low-cost adaptations of traditional agricultural and agroforestry tech-
niques to solve local problems and exchanged knowledge with others.
Three decades later, hundreds of thousands of farmers have replicated,
adapted and benefited from these techniques and have transformed
the once barren landscape at an unprecedented geographical and tem-
poral scale. In Burkina Faso, more than 200,000 hectares of dryland
have been rehabilitated, now producing an additional 80,000 tons of
food per year. In Niger, more than 200 million on-farm trees have
been regenerated, providing 500,000 additional tons of food per year,
as well as many other goods and services. Women have particularly
benefited from improved supply of water, fuelwood and other tree
products. By supporting poverty reduction and increasing the coping
and adaptive capacities of local populations, the initiatives have signifi-
cantly reduced the risks and vulnerabilities associated with frequent
droughts in the region.

Sources: Reij et al. (2009a, 2009b).

forest protection in the fifteenth and sixteenth centuries as a counter-
measure against landslides, and today it has 17 designated uses of protec-
tion forests, 13 of which are related to mitigating or preventing hazard
events (Stolton et al., 2008). In Switzerland, protection forests have been
recognized over the last century for their role in mitigating impacts from
avalanches, rock falls and landslides (Chapter 13 in this volume). The
Whangamarino Ramsar site in New Zealand contains protected wetlands
and swamps that serve as natural reservoirs against floods by containing
excess rain and runoff and thus reducing flood peaks (Ming et al., 2007).
In eastern Madagascar, the Mantadia National Park protects upland for-
ests and watersheds, which reduce flooding damage to lowland agrarian
communities (Kramer et al., 1997).

Protected areas and community conservation areas cover almost 20
per cent of the Earth'* and encompass terrestrial, coastal and marine
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environments, making them a significant form of land and water manage-
ment. Because of their legal status and relatively well-resourced man-
agement and governance institutions, they ensure effective long-term
management, facilitating investments in resilient ecosystems, their regular
monitoring, and development of appropriate responses to threats and
vulnerabilities (Dudley et al., 2010; see also Chapter 15 in this volume).

Recognizing the limits of ecosystems for DRR

Investing in ecosystems should not be viewed as a single solution to risk
reduction. Ecosystem-based measures should be part of a larger disaster
risk management strategy and should always be complementary to other
essential risk management measures, such as early warning systems and
evacuation plans. Eco-DRR, like all DRR activities, reduces risk but does
not remove risk. It is important to recognize that ecosystems also have
limits in providing protection against hazards.

Ecosystem composition (size, density, species) and health status, the
type and intensity of the hazard event, and other physical features re-
lated to the specific location of ecosystems (for example, topography,
soils) all affect ecosystems’ effectiveness in hazard regulation (Campbell
et al., 2009; PEDRR, 2010; Chapter 3 in this volume). Healthy ecosystems
are considered more resilient to the impacts of extreme events and are
able to recover more effectively than degraded ecosystems (Sudmeier-
Rieux and Ash, 2009). Using forests to stabilize avalanche-prone slopes
reduces the frequency of avalanches but not the fact that avalanches will
still occur under specific conditions. Forests do not seem to protect
against severe events such as large-scale flooding or tsunamis (Campbell
et al., 2009; FAQ, 2007a; FAO and CIFOR, 2005; Feagin et al., 2010). The
force of tsunamis may, in many cases, be too strong for coastal vegetation
— just like for most seawalls (FAO, 2007b; Chapter 4 in this volume).

Sometimes a “hybrid” approach combining both natural and hard engi-
neering defences may be most effective. For example, mangrove forests
are rehabilitated and maintained to protect against storm surges and
complement constructed sea dykes, increasing the effectiveness and
lifespan of the dykes, as demonstrated in Viet Nam (Powell et al., 2011).
It is important to weigh the value-added of applying or mixing various
alternatives. Especially in the context of extreme events and adapting to
climate change, human-built infrastructure may often not be feasible due
to its high costs and technology requirements. Conventional engineering
solutions may also generate adverse environmental impacts or provide a
false sense of security, and may still fail dramatically, amplifying disaster
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damage (Batker et al., 2010; Campbell et al., 2009; Ramsar Convention
on Wetlands, 2010).

Maintaining and restoring ecosystems as natural infrastructure can
offer high benefit—cost ratios compared with engineered infrastructure,
when taking into account the full range of benefits provided by ecosys-
tems (TEEB, 2010; World Bank, 2010). In some cases, however, natural
buffers are not feasible because of biological limitations, space con-
straints, incompatibility with priority land uses or prohibitive costs; there-
fore, engineered infrastructure may be required to provide the necessary
protection.

Finally, Eco-DRR requires reliable data on hazards and vulnerabilities
and needs to be grounded in a good understanding of the local ecological
context, such as the geological and hydrological conditions of a given
area as well as the plant-wildlife-human interactions that take place. Just
as conventional human-built DRR structures such as floodwalls and
storm channels require engineering expertise, Eco-DRR requires envir-
onmental specialists to work in collaboration with structural engineers,
land-use planners, disaster managers and local stakeholders.

Key issues

In applying Eco-DRR, it is important to stress the combination of “hard-
ware” and “software” measures, for instance implementing eco-
engineering solutions that utilize appropriate technical expertise, which
are in turn supported by policies and are integrated into development
planning and decision-making processes. Effective implementation also
requires the involvement of different actors (public and private sectors,
civil society, communities, academia, etc.) and multiple sectors, as well as
the appropriate institutional structures and mechanisms to create suc-
cessful partnerships. This chapter concludes by outlining some of the key
issues and next steps to facilitate the implementation and scaling-up of
Eco-DRR practice, many of which are further elaborated throughout the
book.

Policies and legal frameworks to support Eco-DRR practice

Establishing integrated national policies and legislation that promote
ecosystems and natural infrastructure for risk reduction is an important
enabling factor for effective Eco-DRR implementation, as demonstrated
by the supportive policies in countries such as the Netherlands, the
United Kingdom, Sri Lanka and Switzerland. Such innovative policies are
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still, however, more exceptions than common practice. Integrated policies
can both minimize implementation costs and improve the flow of services
(TEEB, 2010; World Bank, 2010). In many cases, however, appropriate
policies and legislation may be in place but the main problem lies in their
enforcement and the lack of political will.

As discussed in the section “What is ecosystem-based disaster risk
reduction?”, cross-sectoral collaboration is key in order to facilitate im-
plementation of Eco-DRR. It is particularly important to develop multi-
disciplinary teams and platforms and involve people with different
technical expertise and knowledge, for instance city engineers and land
developers working together with ecologists and disaster management
experts. This should apply at both national and subnational levels.

Develop national and local capacities for Eco-DRR

Although there are now a significant number of DRR trainings being de-
livered around the world, very few of them address environment—disaster
linkages and focus on ecosystem management tools for DRR. Training
materials with an environment-DRR thematic coverage have only re-
cently been developed.'

Capacity development should enhance awareness and capacities at
the country level to apply environmental tools for DRR and main-
stream these into national and local development planning. This involves
increasing awareness among policy-makers and decision-makers in gov-
ernment and building the capacities of practitioners and technical staff
involved in programme and project implementation. Capacity develop-
ment should target land-use planners, city planners, disaster managers
and staff in key sectoral agencies (for example, forestry, agriculture, tour-
ism). Environment-DRR training should also be integrated into already
existing national training programmes in order to ensure that they are
mainstreamed in governance and institutional practice. The Partnership
for Environment and Disaster Risk Reduction (PEDRR) has developed
a training course on Eco-DRR, targeting national and local governments
in particular.'®

Knowledge and research on ecosystem resilience thresholds

Finally, a key challenge remains in measuring ecosystem resilience thresh-
olds to various hazards, that is, how much impact or change inflicted by a
certain hazard an ecosystem can absorb. Only limited information exists
on the performance thresholds of different ecosystems and levels of eco-
system resilience against environmental change and different hazards
(that is, hazard type, intensity and frequency). There are clear knowledge
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gaps in assessing ecosystem capacity to maintain services over time, espe-
cially in the context of changing environmental conditions and distur-
bances (TEEB, 2010). Further scientific research on ecosystem services is
therefore needed, including long-term monitoring and evaluation of eco-
system functions and performance before and after disaster events.

Another critical area for further study is the economic valuation of eco-
system services for hazard mitigation, which was discussed earlier in this
chapter. Given the challenges of fully monetizing ecosystem services,
there should also be further research and development of evidence-based
valuation methodologies that aim to quantify the role of ecosystems for
DRR.

Next steps

In recent years, several international reports have concluded that ecosys-
tem-based approaches are beneficial and should be integrated in the
portfolio of actions in addressing disaster risks (see IPCC, 2012; TEEB,
2010; UNISDR, 2009b, 2011; World Bank, 2010). It is now the task of pol-
icy-makers and practitioners to take up this message, seek appropriate
technical expertise and scale up the Eco-DRR practice.

Notes

1. Susceptible = open, subject or unresistant to some stimulus, influence or agency (<http://
www.merriam-webster.com/dictionary/susceptible>). For example, a landslide suscepti-
bility map ranks the slope stability of an area into categories from stable to unstable.

2. See, for example, the Protocol on the Implementation of the Alpine Convention Relat-
ing to Mountain Forests, <http://www.alpconv.org/en/convention/protocols/Documents/
protokoll_bergwaldGB.pdf> (accessed 10 October 2012).

3. See also <http://etat.geneve.ch/dt/eau/renaturation-878-5114.html>.

4. Defra (2005), Deltacommissie (2008), Parliamentary Office of Science and Technology
(2009). See also <http://www.deltacommissie.com/en/advies>.

5. See <http://www.wetlands.org/Whatwedo/Ouractions/GreenCoastscommunitybasedrestoration/
tabid/436/Default.aspx> and <http://www.mangrovesforthefuture.org> (accessed 10 Oc-
tober 2012).

6. In October 2010, at the Convention on Biological Diversity meeting in Nagoya, Japan,
the World Bank announced a new Global Partnership for Ecosystems and Ecosystem
Services Valuation and Wealth Accounting, now known as Wealth Accounting and the
Valuation of Ecosystem Services (WAVES). For further information, see <http://www.
wavespartnership.org/waves/> (accessed 10 October 2012).

7. CARICOM is an intergovernmental entity comprising 15 Caribbean countries.

8. The Organisation for Economic Co-operation and Development (OECD) has also de-
veloped a guidance note on linking SEAs with adaptation to climate change, with clear
linkages to DRR.

9. See also Chapter 17 in this volume.
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10. See also Zukunft Alpenrhein at <http://www.alpenrhein.net/> (accessed 10 October
2012).

11. See also CLEAR (Coastal Louisiana Ecosystem Assessment & Restoration) at <http://
www.clear.lsu.edu/needs_in_louisiana> (accessed 10 October 2012).

12. See Global Fire Management Control at <http://www.gfmc.org>; Fire Paradox at http://
www.fireparadox.org>; the WAMIS portal at <http://www.wamis.co.za/> (accessed 10
October 2012).

13. See also Working on Fire at <http://www.workingonfire.org/> (accessed 10 October
2012).

14. See the World Database on Protected Areas at <http://www.wdpa.org> (accessed 10 Oc-
tober 2012).

15. The Asian Disaster Preparedness Center has developed a regional training manual on
DRR for coastal zone managers. UNEP together with local partners developed and de-
livered integrated DRR-coastal zone management trainings in Sri Lanka, India and In-
donesia. The International Union for Conservation of Nature (IUCN) has undertaken
extensive work and capacity-building on integrated watershed management. The Global
Fire Monitoring Center has developed ecosystem-based wildfire management trainings.
WWE-US/American Red Cross launched its Green Recovery and Reconstruction
Toolkit in 2010, which has a specific module on “greening” DRR.

16. For further information on the training course, visit the PEDRR website at <http://
www.pedrr.net> (accessed 10 October 2012).
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Approach to mitigation of coastal hazards

The Indian Ocean coastal zone, which comprises coastal communities, the
built environment and ecosystems, is exposed to a wide range of hazards
both episodic and chronic arising from natural phenomena and human-
induced activities (US IOTWS Program, 2007). Episodic hazards include
storms, earthquakes, tsunamis and oil spills, most of which have limited
predictability and may result in major disasters. Chronic conditions in-
clude shoreline erosion, flooding, sedimentation, sea level rise, natural re-
source degradation and environmental pollution. These conditions, which
may result from or increase owing to episodic hazards, can be measured
and monitored continuously over time. Unplanned or poorly designed
engineering interventions in the coastal zone also contribute to the in-
crease in chronic conditions.

There are many mitigation measures that could be adopted in the con-
text of coastal zone management when planning for coastal hazards in
order to reduce waves of high amplitude, heavy inundation and extreme
impacts. These range from pure hazard mitigation to vulnerability reduc-
tion and improving the capacity and preparedness of populations. In
combination, they reduce disaster risk and contribute to the development
of disaster-resilient communities. These measures can be broadly classi-
fied into three categories, and the classification recognizes the overlap be-
tween exposure and vulnerability:

The role of ecosystems in disaster risk reduction, Renaud, Sudmeier-Rieux and Estrella (eds),
United Nations University Press, 2013, ISBN 978-92-808-1221-3
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e measures that mitigate the impact of the hazard
e measures that mitigate exposure and vulnerability to the hazard
e measures that promote successful evacuation from hazard zones

For existing and projected scenarios of coastal zone activities, the prep-
aration of mitigation measures for multiple hazards requires a deep
understanding of physical processes over a wider coastal region. It is im-
portant that mitigation measures against coastal hazards be developed
within a multiple hazard coastal risk assessment framework, which should
be an integral component of an overall coastal area management plan
(CAMP). This will ensure a rational, balanced utilization of resources
and, where possible, restore and enhance the stability and environmental
quality of the coastal zone.

Within an overall CAMP, measures that mitigate the impact of the haz-
ard represent a coherent set of interventions, specified in time and space,
to achieve a certain expected level of protection against existing or
anticipated damage from single or multiple hazards. On many occasions,
these measures are proactive in leading to shoreline restoration and
stability.

Measures that mitigate the impact of the hazard
Classification of measures

Although coastal hazards generate a wide range of impacts, coastal ero-
sion, flooding and environmental pollution have apparent and immediate
consequences for society and are therefore often the principal concerns
in the administration of coastal districts.

It is recognized that, irrespective of the source of the hazard, the under-
lying principles of protection against flooding and erosion are similar.
However, depending on the magnitude of the hazard and its impacts, and
based on overall risk assessment, larger and robust measures have to be
adopted. Furthermore, the impact of episodic hazards may contribute to
long-term changes in sedimentation and coastal erosion. Coast and flood
protection schemes can be broadly divided into direct and indirect meas-
ures (Fleming, 1992).

Direct measures or physical interventions (for example, protective
structures) confront the hazard and they prevent or alleviate the immedi-
ate effects of the problem. These measures may be part of a wider coastal
zone management plan, which will provide protection against erosion
and flooding but cannot necessarily reduce or eliminate the cause of
problems (for example, coastal erosion). However, they can contribute
positively to reducing negative effects and on many occasions lead to
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efficient recovery via beach development. It is recognized that poorly
designed direct measures have the capacity to seriously undermine beach
stability and increase erosion.

Indirect measures (corrective measures) focus on the causes of the
problem, to reduce or eliminate them altogether. For example, the pre-
vention of sand mining and modifications to poorly designed structures
will check coastal erosion and will achieve the desired stable dynamic
equilibrium of the coastline. In addition, maintenance of drainage paths
without obstructions will allow floods to discharge efficiently without
causing excessive inundation.

Direct measures that mitigate the impact of the hazards may be
achieved not only by engineered methods but also by harnessing the full
potential of natural coastal ecosystems. Such measures can therefore be
classified into:

(a) the implementation of engineered measures for protection, including
offshore breakwaters, dykes and revetments;

(b) the effective use of natural coastal ecosystems, including coral reefs,
sand dunes and coastal vegetation.

Natural episodic hazards such as extreme wind waves, storm surges
and tsunamis cause coastal erosion, flooding, damage to infrastructure
and ecosystems, and environmental pollution and may seriously affect
human lives and livelihoods. Flooding caused by tsunamis is different
from that of wind waves and storm surges. In the case of tsunamis, severe
overtopping of long waves of high amplitude is accompanied by massive
inundation and flooding. The heights of the waves propagating inland and
the mass flow of water may be much higher than those observed for ex-
treme wind waves and storm surges. These extreme events also contrib-
ute to changes in the bottom bathymetry of near-shore regions, leading to
long-term changes in coastal erosion trends.

Engineered and ecosystem-based measures used to mitigate the im-
pacts of hazards associated with very high amplitude waves can be classi-
fied into three types depending on their function and location in
protecting the coast (I0C, 2009):

1. reduce the impacts of waves prior to reaching the shoreline (partial
barrier located in coastal waters);
2. protect the coastal zone by preventing the inland movement of waves

(full barrier at the shoreline);

3. mitigate the severe impacts of waves on entry to the shoreline (partial
barrier at the shoreline).

Mitigation measures against a given hazard cannot be developed in
isolation for a particular location. It is important to recognize that meas-
ures adopted at a given location or region will require the mitigation of
multiple hazards of different origins, potential impacts of varying intensities
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and spatial distribution and a wide range of frequency of occurrence
while sustaining multiple uses of the coastal zone. Therefore, there is a
strong need to understand the dynamic hydraulic behaviour of the exist-
ing coastline over a broader region, the impact of the hazard under con-
sideration, the impacts of other potential applicable hazards and other
critical interactions leading to the stability of the coastline.

It is extremely difficult to take materials out of the natural transport
mechanism without contributing to new or increased erosion problems
elsewhere. Therefore, attention must be focused on potential impacts on
neighbouring regions by analysing the sediment budget via coastal cells.
In the absence of this approach, the problem is most likely to be trans-
ferred to a neighbouring region, or the mitigation measure adopted may
be undermined by the new hydraulic regime leading to overall instability.
It is good practice to harness the full potential of natural defences and to
incorporate them in coastal protection designs, which is why it is neces-
sary to understand the behavioural cycle of ecosystems.

It is equally important to note that mitigation can be achieved by
either adopting a single measure or developing a well-integrated hybrid
solution comprising a number of measures that could satisfy environ-
mental concerns. Hybrid methods therefore refer to combinations of en-
gineered methods or a combination of natural methods, as well as the
joint application of engineered and natural methods. They represent effi-
cient mitigation systems and effective resource utilization, which can ef-
fectively reduce the impact of various coastal hazards.

Engineered methods

A number of coastal engineering methods are used against coastal ero-
sion and flooding (IOC, 2009). Armoured sloping revetments and con-
crete seawalls having medium and high crest levels are used to protect
land and infrastructure from the effects of coastal flooding. These struc-
tures can withstand severe wave- and flood-induced loading and provide
sufficient protection at an acceptable level of risk. They are also used as a
frontline defence against coastal erosion in order to protect valuable as-
sets located along the coastline. However, these structures do not aid
beach development or stability and therefore have to be used together
with appropriate beach restoration schemes. If protective structures are
used on their own, adequate protection has to be provided against toe
instability arising from high wave reflection. Beach restoration schemes
include fields of groynes, offshore breakwaters, artificial headlands and
beach nourishment. The aim of these schemes is to ensure the develop-
ment of a healthy beach as a way of solving the problem of erosion. They
perform a number of different functions with varying engineering
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lifespans as well as different capital and maintenance costs. Depending
on the situation, it may also become necessary to adopt a hybrid solution
for improved performance and efficiency.

In adopting engineered methods, it is necessary to ensure that multiple
uses of the existing natural environment continue to be sustained. From
an engineering point of view, the design must be robust, reliable and
functional. From an economic perspective, the design should be afford-
able and cost-effective. Due consideration must be given to convenient
maintenance and effective operation. Equally it is important to minimize
negative impacts on socioeconomic, livelihood and environmental issues.

Natural features

Coastlines offer varying natural defences against wave action, currents
and flooding arising from storms. These include offshore seabeds, sand-
banks, coral reefs and beaches on which waves break, sand dunes, which
act as barriers against overtopping and as a natural supply of sand, and
coastal vegetation, which provides resistance against flows. Natural de-
fences play a vital role in mitigating the impact of coastal hazards, in
coastal protection and in conservation. A comprehensive overview of
coastal vegetation is presented in Chapter 4 in this volume. However, when-
ever these natural defences are in danger of degradation, it is important
to conserve and strengthen them at every possible opportunity, because
conservation enhances their capacity to protect coastal populations.

Field investigations conducted in Indian Ocean states after the Indian
Ocean tsunami of December 2004 highlighted the performance of coastal
ecosystems, including reefs, dunes and vegetation, and their ability to mit-
igate the impact of the tsunami (Kerr and Baird, 2007; Marris, 2005, 2006;
and UNEP-WCMC, 2006). Depending on the height and other character-
istics of the incoming waves, there were many examples that provided
evidence of the efficient wave energy absorption of ecosystems and ve-
getation. Some ecosystems performed well while others failed owing to
threshold resilience characteristics being exceeded (FAO, 2007; JWRC,
2008). For hazards having extreme impacts and where the frequency of
occurrence is low, natural ecosystems can provide cost-effective and envir-
onmentally friendly solutions.

Coral reefs

Coral reefs provide partial barriers and have the ability to dissipate inci-
dent wave energy when waves break over them. Therefore, coral reefs act
as natural submerged breakwaters for the dissipation of wave energy. The
length of the reef in the direction of wave propagation, the submerged
depth of flow (water depth above the reef system) and the geometry of
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the reef (porosity, tortuosity, surface roughness and the overall void ma-
trix) are important characteristics that are related to energy dissipation.
Energy dissipation certainly reduces the velocity regime of the incident
wave system. This aspect was clearly observed when the waves from the
Indian Ocean tsunami reached the Kenyan coastline. Waves reached the
coastline under low-tide conditions when the reefs were exposed. Energy
dissipation was high and there was minimum inundation of the coast
(GEUS, 2007).

It is also recognized that, arising from the energy dissipation process,
beaches behind reef systems have been developed to resist waves of re-
duced energy levels (see Chapter 5 in this volume). Illegal coral mining
not only reduces the effectiveness of the coral reef system in dissipating
energy but also increases the local velocity, depending on the type of
damage caused by the mining process (see, for example, Chatenoux and
Peduzzi, 2007). Furthermore, fishermen destroy coral reefs with explo-
sives in order to create gaps for manoeuvring fishing vessels. These ac-
tions change the hydraulic regime, leading to coastal erosion.

Illegal coral mining and destruction by fishermen create defenceless
“low-resistance paths” that allow focused water jetting during extreme
events and increase the erosion and destruction of the coast, which is
usually protected by the reefs. It was observed in Sri Lanka that tsunami-
related damage was high in some areas where excessive coral mining had
taken place (Fernando et al., 2005).

Sand dunes

Sand dunes act as full barriers against extreme waves, thus preventing the
inland movement of waves and thereby flooding. Their effectiveness was
proved in many countries during the Indian Ocean tsunami (FAO, 2007,
University of Moratuwa, 2005). Dunes on which coastal vegetation have
grown perform more efficiently, ensuring stability, greater energy dissipa-
tion and resistance to erosion.

The presence of a healthy dune system provides an environmentally
important natural defence mechanism that has the ability to mitigate a
wide range of hazards. Dunes represent the final line of defence on the
beach. They restrict or prevent the intrusion of waves, reduce the impact
of wind and salt spray and also control the movement of sand behind
them. The dual role of a dune system to perform as a barrier against
wave impact and flooding and as a reserve supplier of sand to the beaches
at critical times of storms is a unique aspect that has to be understood in
dune management. Of equal importance is the fact that beach and dune
build-up takes place during calm weather conditions. It is in this context
that the annual cycle of dune building and erosion can be understood
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fully on a scientific basis by recognizing the human pressure and impacts
of extreme weather-related events on the coastal zone.

Dunes are subjected to the wind and wave attacks that take place
within the annual cycle of weather patterns. They are also subjected to
extreme wind attacks in the presence of cyclonic conditions and to ex-
treme waves during severe storms, storm surges and tsunami conditions.
Extreme hazardous events can cause extensive erosion of the dune sys-
tems and will restrict their ability to act as barriers and providers of sand.
On some occasions, recovery after extreme hazard events may take a
long time. Therefore the conservation and strengthening of natural sys-
tems are of great importance. This requires regular monitoring, particu-
larly after extreme events, and, if necessary, methods for environmental
recovery should be undertaken as a priority.

When dunes are overtopped they fail progressively owing to erosion,
but the presence of coastal vegetation provides for increased stability.
Post-disaster field studies have demonstrated that sand dunes perform
extremely well against coastal flooding (FAO, 2007; University of Mora-
tuwa, 2005). Even when overtopped, dunes with coastal vegetation on
the surface have shown greater stability in resisting failure. It is therefore
strongly recommended to adopt sand dunes in combination with coastal
vegetation to enhance the stability and performance of dune systems.

Coastal revetments separate the sand dunes of the back beach from
the active foreshore, thus interrupting the active interaction between two
important sections of the dune system. Once the seasonal interaction
is affected, the natural forces that build the dunes are no longer active.
Although the revetment will fix the defence line, it does not in any way
aid beach stabilization. The reflective slopes or vertical faces of the revet-
ments generate high velocities arising from the interaction of the incident
and reflective waves, thus leading to beach scour. There have been sev-
eral instances where the revetments themselves have induced large-scale
erosion in the toe region, leading to premature collapse. Hence, great
care should be exercised in constructing coastal revetments/seawalls in
areas where dunes are present. The dynamics of the dune system with
respect to seasonal variation and the natural forces that come into play in
the build-up of dunes have to be clearly understood. If revetments/
seawalls have to be constructed as a final option, such works must be
supported with beach development mechanisms, for example the use of a
field of groynes. Regular nourishment may also have to be undertaken to
maintain the sediment budget to avoid coastal erosion.

On many occasions, engineered protective measures (that is, coastal
revetments/seawalls) are constructed to arrest long-term recession even
in front of dune systems. Such interventions are made when there is a
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strong need to protect human settlements and infrastructure from fre-
quently occurring excessive wave conditions. In many instances, coastal
erosion has resulted from human interventions or hazard events far up-
stream of the area affected by erosion. The imbalance of the sediment
budget generated at an upstream location may have severe impacts for
downstream areas. Hence, even if sound dune management is being prac-
tised at a given site, such sites may still be prone to severe erosion owing
to the impacts of events taking place upstream of the erosion-affected
site.

Coastal vegetation

As mentioned above, coastal vegetation on its own and vegetation grow-
ing on dunes are effective barriers against hazards (FAO, 2007; JWRC,
2008; UNEP, 2005; University of Moratuwa, 2005; see Chapter 4 in this
volume for a detailed literature review).

A wide variety of vegetation is observed along coastlines and on the
banks of estuaries and lagoons. Vegetation on sandy beaches and on
dunes can be broadly classified into three categories: primary species, sec-
ondary species and tertiary species. As with all natural species, some of
this vegetation exhibits the characteristics of two different groups, lead-
ing to overlaps. Primary species, which are essentially grasses and
creepers, grow on the incipient and frontal dunes and perform effectively
as windbreakers. Behind the frontal dune crest, the sand on the dunes is
more stable and the impact of wind and waves in particular is reduced. In
this region there is greater diversity of plant species and larger shrubs
become more dominant. Further back, large trees are observed among a
variety of species. The shelter and soil characteristics assist the growth of
trees. Mangrove forests are observed along estuaries and lagoons and on
coastlines with a fair proportion of mud/silt type of soils.

Coastal vegetation acts as a partial barrier on the coastline and can
be used effectively to dissipate part of the incoming wave energy. The
energy dissipation is dependent on the density of vegetation, its overall
porosity and the tortuous characteristics of the porous matrix of the
vegetation. It is important that the vegetation itself is resilient against the
wave propagation and the accompanying imposed loads and that it has a
root structure to resist the high-velocity regime at the floor bed.

Vegetation will restrict wave propagation up to a specific water level,
beyond which overtopping will take place. Once the threshold values for
stability (velocity and force regimes) are exceeded, the vegetation itself
will erode rapidly and be destroyed even at moderate water depth. In
this respect, the stability of the vegetation in relation to the overall
hydraulic regime and issues relating to inland drainage from overtopping
have to be given due consideration. It is essential to have a good under-
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standing of the threshold resilience characteristics of such natural sys-
tems (see below).

Investigating the performance of coastal ecosystems

The hydraulic performance of coral reefs, coastal vegetation and dunes
can be investigated by adopting physical modelling and mathematical
modelling. In view of the widely varying characteristics of such systems,
physical modelling using a large flume facility provides the best option in
that a large-scale ratio can be used for the simulation of the ecosystem.
This enables experiments to be conducted at near prototype scale, thus
minimizing scale effects. However, such facilities where waves of high
amplitude can be generated are not freely available, and hence it is nec-
essary to use smaller flumes. When using small flumes every effort must
be made to generate high-amplitude waves where possible or to adopt
similar techniques. For example, when generating tsunami waves one can
use solitary waves. On the other hand, techniques can be adopted to gen-
erate a large wave by either using the dam break problem or creating a
wave by moving a vertical plate in front of the experimental structure.
The purpose of these investigations is to identify the dissipation charac-
teristics and velocity profiles as the waves propagate through or over the
structure. Even steady flow permeability tests using high-velocity regimes
(non-Darcy flow) provide useful information about dissipation character-
istics, particularly for the simulation of tsunami waves.

Mathematical modelling is a useful tool, but such models have to be
calibrated and verified using experimental results from flume tests. Once
this process has been successfully achieved the model can be used for
specific ecosystem configurations.

Case study: Investigating the impact of coral reefs on
tsunami wave propagation

Impacts arising from the mining and destruction of coral reefs

Post-tsunami field investigations carried out on the south-western coast
of Sri Lanka indicated sharp variation in inundation and destruction over
a comparatively small scale of spatial variation along the coastline (Goff
et al., 2006; Liu et al., 2005). For example, the town of Peraliya, just north
of Hikkaduwa, where a passenger train was destroyed, had an inundation
distance of the order of 1.5 km, whereas a location just south of the town
had an inundation of less than 0.5 km. Along the eastern and southern
coasts and the south-western coast up to the city of Galle, variation in
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inundation was very much related to local geomorphologic features such
as headlands, embayments and river/estuarine inlets, whereas for the
stretch of coastline from Galle to Ambalangoda inundation could not be
related to such coastline features. It was observed that, within this stretch,
the area north of Hikkaduwa up to Akurala, where extensive coral min-
ing had taken place over the past few decades, was severely damaged by
tsunami waves. It is possible that the concentration of wave energy re-
sulting from complex wave processes along the south-western coast may
have contributed to this significantly high local damage. However, the re-
moval of coral was also considered to be a major contributor to the phe-
nomenon (Fernando et al., 2005, 2007a; the subsection on coral reefs
above).

In the light of the tsunami damage in areas where coral mining and
destruction have occurred, it was considered relevant to examine these
aspects via physical modelling to obtain a better understanding of the
influence of coral reefs in their normal and damaged states.

The results presented in this chapter represent the first attempt to
understand the hydraulic performance of reefs, simulated by vertical cylin-
drical members (Fernando et al., 2007b). The voids matrix investigated is
therefore well defined. In the following stages, more complex configura-
tions having very close similarity to reef systems would be examined.

Experimental set-up

The experiment was carried out in a 0.8 m (W) x 1.8 m (D) x32 m (L)
wave tank with a programmable paddle wave generator. The waves prop-
agate first on a horizontal (flat) topography and then on a 1/24 sloping
uniform topography. Leading elevation waves of height 20, 30 and 40 cm
with a frequency (@) of 0.4 Hz were used to represent solitary waves.
Typical waveforms as measured approximately at the middle of the tank
are shown in the Figure 3.1.

On the sloping surface, placed at a mean water depth of 30 cm, were
porous strips of vertical cylinders attached to a bottom plate (Figures 3.2
and 3.3). In some cases, the obstruction covered the entire width, whereas
in others the rods were removed in the middle to create a least-resistance
path. The rods were of diameter 1.25 cm and height 20 cm. Two types of
rod packing densities (porosities) of 20 per cent and 50 per cent were
used. In the case of non-uniform packing channel width, w = 6.5 cm was
used, which was intended to simulate the removal of corals in a reef.

Acoustic Doppler Velocity (ADV) meter measurements were carried
out to map the velocity field, covering several locations (as shown in Fig-
ure 3.2), at locations behind and within the structures. Figure 3.2 illus-
trates the schematic diagram of the experimental set-up indicating the
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Figure 3.1 Wave profiles in the central part of the tank
Notes: Wave height =20 cm, o = 0.4 Hz.
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Figure 3.2 Schematic diagram of the experimental set-up
Note: All values are in cm.

locations of ADV measurements. Figure 3.3 illustrates the simulation of
coral reefs for two-dimensional physical modelling, showing the structure
under construction and a completed structure with a narrow opening.
Figure 3.4 gives the representation of high-density (20 per cent porosity)
and low-density (50 per cent porosity) structures in two-dimensional
physical modelling. Fernando et al. (2007b) describe the details of the ex-
perimental programme.
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Figure 3.4 Representation of high-density (20 per cent porosity) and low-density
(50 per cent porosity) structures

Results

Figures 3.5, 3.6 and 3.7 give the normalized velocity in the X direction as
a function of normalized height for low-density (50 per cent porosity)
and high-density (20 per cent porosity) structures for waves of amplitude
10, 20 and 30 cm respectively. Velocities in the Y and Z directions are not
included here because the changes in magnitudes were very small.

The figures include the normalized velocities for the conditions of: (i)
no structure, (ii) a structure without an opening and (iii) a structure with
a narrow opening. Normalized velocity is taken as U/ Uy tace, Where Ugyrtace
is the surface velocity for the base case (no structure). Normalized height
is taken as Z/H,, where H, is the height of the obstructions (in this case,
the rods).

With the introduction of the structure there is a considerable reduction
in velocities in the water column, except for surface velocities. This could
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Figure 3.5 Normalized velocity as a function of normalized height =10 cm,
o =04Hz
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Figure 3.6 Normalized velocity as a function of normalized height =20 cm, w =
0.4 Hz

be seen for all the wave conditions tested, with the greater impact being
for the high-density structure. The low-density structure provides a 30 per
cent reduction in the maximum velocity for waves of height (27) 10 cm
and 20 cm and a 20 per cent reduction for waves of height 30 cm. The
high-density structure provides around a 40 per cent reduction in the
maximum velocity for all three wave conditions.

A gap in the structure induces a significant increase in velocity for all
conditions tested. In the case of the low-density structure, the percentage
increases in maximum velocity are 7.5 per cent, 10 per cent and 15 per
cent for the waves of height 10, 20 and 30 cm, respectively. For the high-
density structure, the corresponding values are 43 per cent, 50 per
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Figure 3.7 Normalized velocity as a function of normalized height =30 cm,
o =0.4Hz

cent and 54 per cent, respectively. There is no clear variation with wave
height.

Figure 3.8 illustrates the variation of change in velocity with the poros-
ity of the structure. The low-density structure provides around a 25 per
cent reduction in velocity behind the structure and around a 10 per cent
increase in velocity through the gap created to simulate the removal of
corals. This is in the order of a 45 per cent increase in maximum velocity
from behind the structure to the gap in the structure. The high-density
structure provides around a 40 per cent reduction in velocity behind the
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Figure 3.8 Variation of normalized velocity with the porosity of the structure for
solitary waves
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structure and around a 50 per cent increase in velocity in the gap of
the structure. This is in the order of a 150 per cent increase in maximum
velocity from behind the structure to the gap in the structure.

As stated earlier, this experimental set-up represented realistic values
for wave height, water depth and coral dimensions, although only solitary
waves were used in the study. Therefore, the results are only indicative
but they certainly provide a clear understanding of the wave-structure
interaction.

It can be concluded that the coral reefs, which act as submerged break-
waters, dissipate part of the wave energy and reduce the wave velocity.
The porosity of the reef system has a significant influence on the dissipa-
tion process. In the case of a dense structure, the effectiveness of the reef
in dissipating energy is high. However, when there is a gap in a coral reef
there could be a significant increase in wave velocity and this increase is
high for dense structures. Illegal coral mining and destruction create de-
fenceless “low-resistance paths” that encourage focused water jetting.
The experiments clearly illustrate the impact of increased water veloci-
ties through such openings and the influence of the overall porosity of
the reef system. The high-velocity regime through openings can certainly
contribute to intensified destruction.

Case study: Investigating the impact of a tsunami wave
passing through coastal vegetation in a waterlogged condition

Response of coastal vegetation to tsunami hazard

The Indian Ocean tsunami of 26 December 2004 caused widespread dam-
age in coastal regions of Sri Lanka. More than two-thirds of the coastline
in the northern, eastern and southern areas, as well as the relatively shel-
tered western area, was subjected to inundation. The inundation depth
and distance and the associated damage caused by the tsunami varied
significantly with the local near-shore wave height, topography and hy-
draulic resistance to the overland flow. The ground surface resistance and
the resistance offered by vegetation and fabricated features in the coastal
zone are among the factors contributing to hydraulic resistance. Follow-
ing post-tsunami surveys, considerable attention was focused on the
resistance offered by coastal vegetation to the overland flow and its
effectiveness as a tsunami damage mitigation measure. This was mainly
because there were many examples from Sri Lanka, Indonesia and other
affected countries that showed that coastal vegetation had resisted the
wave-induced hazard and had been effective in dissipating wave energy,
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thus protecting infrastructure located behind. It was also realized that use
of vegetation for this purpose would have the dual advantages of being
environmentally friendly and cost-effective (FAQO, 2007; University of
Moratuwa, 2005).

Coastal vegetation in Sri Lanka varies with climatic zones. Based on
the annual rainfall, Sri Lanka is divided into two climatic zones: a wet
zone and a dry zone. The western and southern coastal areas fall mainly
within the wet zone and the entire eastern and northern coastal areas are
in the dry zone; hence the type of vegetation varies significantly along the
tsunami-affected coastline. The presence of a large number of coastal
wetlands, estuaries and lagoons has also contributed to the variety of
coastal vegetation.

The hydraulic resistance offered by vegetation is dependent on the size
and shape of plants, the standing structure of trees, the density and pat-
tern of vegetation, drag characteristics and the ability of plants to resist
the overland flow without being damaged or destroyed. These are the re-
sistance characteristics of plant species. Maturity in terms of breaking
strength and root-soil interaction is of particular importance in with-
standing the impacts of coastal hazards (University of Moratuwa, 2005).
In addition, other local factors such as topography and the distance from
the vegetation belt to the shore are important features relative to the
characteristics of the incoming wave. Whereas some plant species were
unaffected, others were uprooted and/or broken owing to the hydraulic
impact or destroyed by the salinity of sea water. It seems that, provided the
threshold values of resilience are not exceeded, vegetation has the ability
to resist wave-induced hazards and this property can be fully harnessed
by adopting planned vegetation along the coastline, where appropriate.

Field investigations and physical modelling have been conducted to
understand the significance of coastal vegetation in dissipating tsunami
wave energy. Among these, Kathiresan and Rajendran (2005; although
their findings were subsequently contested by Kerr et al., 2006), Mascar-
enhas and Jayakumar (2008) and Tanaka et al. (2007) provided useful in-
sights with respect to field investigations, and Ratnasooriya et al. (2008)
and Nandasena et al. (2009) referred to early physical modelling studies
on a small scale relating to the conditions of the South Asia region.

Experimental set-up

Factors influencing the design of the experimental set-up

Large-scale experiments were conducted to assess the energy dissipation
of tsunami waves passing through the coastal vegetation in order to study
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the energy dissipation characteristics of such systems. It is impossible to
study the influence of varying characteristics of species, incident waves
and location of vegetation with respect to the shoreline in a single series
of experiments. Therefore it was necessary to prioritize the specific areas
to be investigated in detail.

The primary focus was to study the dissipation characteristics of tsu-
nami waves propagating through coastal vegetation located on a sloping
beach head. However, the wave characteristics and in particular the
wave-breaking process will depend on the mean water level and the inci-
dent wave characteristics. This demanded the accommodation of varying
incident conditions and mean water levels (Bandara, 2008).

The second area of focus was to ensure variety with respect to vege-
tation and in this context to simulate at least two types of coastal vegeta-
tion. The two types are illustrated in Figure 3.11. The difference between
the two types selected for the study refers to stem height and branch and
leaf configuration. Type I plants are taller than Type II plants. Therefore
the resistance of branches and leaves of Type Il plants is applicable when
waves are propagating over a greater mean water level as well as for
larger wave heights.

The third area of focus was the impact of water that has not been dis-
charged after the arrival of the first wave, which may not necessarily be
the largest wave in the tsunami wave train. Owing to poor drainage con-
ditions and inland topography, a fair proportion of water is retained in-
land and has not completely receded prior to the arrival of the second
wave. In effect the incoming wave will now be propagating over the exist-
ing water, which has not receded. This aspect can be studied by conduct-
ing experiments on waterlogged conditions or in practice with a lower
and higher water level.

The experiments were carried out in a 20 m (L) x 0.8 m (W) x 2 m (D)
flume equipped with a programmable wave generator at Lanka Hy-
draulic Institute in Sri Lanka. The model scale was taken as 1:12.5, which
was sufficiently large for proper simulation of the propagation of tsunami
waves through vegetation and to reduce scale effects. Two types of
vegetation that are found in the Sri Lankan coastal belt were modelled.
Of the many types of wave forms that could be generated under labora-
tory conditions, large-scale solitary waves represent a reasonably good
simulation of tsunami waves for physical modelling. Such waves can
model many of the characteristics of a tsunami (Chang and Hwung,
2006).

The governing equations of a solitary wave propagating in space and
time, as well as its velocity, are given by Chang and Hwung (2006) (see
Figure 3.9).
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Figure 3.9 Detailed sketch of a solitary wave

Notes: h, = still water depth in front of the slope, 7(x,f) = free surface of solitary
wave profile, x = distance, ¢ = time, C = wave propagation velocity, and H = maxi-
mum wave height.

Details of the experimental set-up

Figure 3.10 shows a sketch of the experimental set-up in the flume, which
was carried out at the same location as the experiment previously
described.

The model scale was 1:12.5. Eight wave gauges were deployed to
record water surface elevations: gauges 1 and 2 were to check the relia-
bility of solitary wave generation and propagation, gauges 3,4 and 5 were
to observe energy dissipation through the vegetation model and the re-
maining gauges were to check the behaviour of the solitary profile de-
formed by the vegetation model as shown in Figure 3.10. The data were
collected at a frequency of 100 Hz. Table 3.1 shows the solitary wave
heights to the wave generator software (the second tsunami wave) and
the measured maximum wave heights at gauge 1 at different water depths
(inundation by the first tsunami wave). Two cases were studied: water
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/\Water depth 35cm
f Water depth 25cm Slope 1:20
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Figure 3.10 Experimental set-up
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Table 3.1 Test conditions

Solitary wave height

Wave height to wave

Water depth (Wd) synthesizer (Hs) Measured at gauge 1
25 cm 96cm 112cm 128 cm 64cm 75cm  85cm
35cm 96cm 112cm 128cm 72cm 86cm 9.7 cm

depths resulting from inundation by the first tsunami were 6 cm and 1 cm
in front of and behind the vegetation model, formed by a water depth of
25 cm in front of the wave paddle; water depths were 16 cm and 11 cm,
formed by a water depth of 35 cm in the model, as given in Table 3.1.

Type I vegetation was modelled by a PVC pipe of diameter 2 cm, as
shown in Figure 3.11(b). The differences between Types I and II relate to
stem height and the configuration of branches and leaves. Type I vegeta-
tion is taller than Type II. Therefore, for higher mean water levels,
branches and leaves of Type II offer resistance. Even though an accurate
scaling of Type II vegetation was rather difficult, for the simulation small
tree branches from actual trees were used. They were carefully fixed to
the PVC pipe. The bottom diameter of the Type II vegetation model was
thus maintained at 2 cm, as in the case of Type I. The spacing between
trees was 14.5 cm in a rectangular arrangement and the width of the veg-
etation model in the wave direction was 1.2 m. Figure 3.11(c) shows pho-
tographs of Type I (for example, Cocos nucifera and Casuarina
equisetifolia) and Type 11 (for example, Anacardium occidentale and Ter-
minalia catappa) vegetation species.

Type I Type 1T Type I Type I Type 1 Type I
(a) Sketch: Inundation at (b) In model (c) In prototype — not at
lower mean water levels same scale

Figure 3.11 The two types of vegetation found in the Sri Lankan coastal belt
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Figure 3.12 Comparison of experimental wave profile with theoretical wave

Results

The experimental data from gauges 1 and 2 were compared with the the-
oretical values for the solitary wave. Figure 3.12 depicts the solitary wave
profile observed at gauges 1 and 2 and the theoretical profile in water
depths (Wd) of, respectively, 25 cm and 35 cm for a wave height of
11.2 cm to the wave generator (Hs).

There exists a slight phase difference in time of the upper part of the
solitary profile at gauge 2, as shown in Figure 3.12, and a slight reduction
in the solitary peak can also be observed. This may be attributed to en-
ergy dissipation through the friction of the side walls of the flume and
limitations in generating a perfect profile. Using the travel time of the
solitary wave between gauges 1 and 2, and the distance between gauges 1
and 2, the average solitary wave velocity was calculated. Good agreement
between experimental and theoretical values was observed for the velo-
city of the solitary peak for the constant water depth between gauges 1
and 2.

Figure 3.13 shows the spatial evolution of the surface elevation for
the condition without vegetation: (a) wave height to wave generator
11.2 cm and water depth 25 cm and (b) wave height to wave generator
11.2 cm and water depth 35 cm. It can be observed that the solitary wave
gradually deforms from its initial shape as it travels along the slope. The
surface elevation at gauges 3 and 4 in Figure 3.13(a) and the surface ele-
vation at gauges 5 and 6 in Figure 3.13(b) illustrate the bore-front. This
form of wave front is commonly observed as a characteristic of the tsu-
nami wave when it reaches shallow water depths. Even though there is a
slight decay of the solitary peak during its travel, clear wave-breaking oc-
curs between gauges 4 and 5 for water depth 25 cm and between gauges
6 and 7 for water depth 35 cm, respectively. This implies that the higher
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Figure 3.13 Spatial progress in surface elevation

water level facilitates the travel of the tsunami wave further inland. In
practical terms, water retained after inundation by the first tsunami wave
would assist the second wave to travel further inland and, if this is of
greater height, would lead to large-scale inundation on land. The right
tail of the solitary wave contains undulations that may be caused by re-
flections from the wave paddle. However, these fluctuations are reason-
ably less compared with the main solitary wave profile.

Figure 3.14 shows the maximum water surface elevation recorded at
wave gauges with vegetation models of Type I (marked S) and Type 11
(marked S+B) and without vegetation (marked WV) for water depths of
25 cm and 35 cm for different solitary wave heights. It is observed that
the dominant breaking of the solitary wave occurred between gauges 4
and 5 for input wave heights of 9.6 cm and 11.2 cm for a water level of
25 cm in the case without vegetation. In contrast, the dominant wave-
breaking for a water level of 35 cm happened between gauges 6 and 7 for
similar wave conditions.

The observations indicate that the inundation caused by the first tsu-
nami wave could result in a larger amount of the energy of the second
wave being transferred over a greater distance compared with the first
tsunami wave. Figures 3.14(a), (b) and (c) indicate that, for a mean water
level of 25 cm, the dominant wave-breaking of the solitary wave occurred
inside the vegetation model. A considerable part of the energy is dissi-
pated by the wave-breaking process itself. The energy-dissipating impact
of the vegetation may not be that effective because of the more domi-
nant process of wave energy dissipation by wave-breaking within the veg-
etation. In practical terms, the resilience of the vegetation must be very
high, otherwise the vegetation may be destroyed by this process. In
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contrast, Figures 3.14(d), (e) and (f) indicate that, for a mean water level
of 35 cm, dominant wave-breaking occurred just after the wave had prop-
agated through the vegetation model. In this respect, the vegetation has a
greater opportunity of dissipating energy before the wave-breaking pro-
cess. Irrespective of the wave input and the location of the dominant
wave-breaking, when the water depth was just below the height of
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branches and leaves, the model of branches together with leaves (Type II)
dissipated more wave energy than the model comprising stems (Type I).

It can be concluded that the experimental programme provided a clear
insight into the energy dissipation process in which two types of vegeta-
tion were examined for two mean water depths and varying incident
wave conditions. It is evident that coastal vegetation has the potential to
dissipate energy, and it was the mean water depth that determined the
wave-breaking characteristics as well as the extent to which various com-
ponents of vegetation come into play. Type II vegetation was effective in
energy dissipation when waves had a strong interaction with the branches.
In these circumstances, the waves travel through a porous medium with
the desired porosity and tortuosity for energy dissipation. Provided the
waves do not impose loads that exceed the threshold values of the plant
species, a high degree of energy dissipation could be achieved. Field in-
vestigations after the Indian Ocean tsunami of December 2004 confirmed
that damage to infrastructure behind coastal vegetation that was able to
withstand the tsunami waves without being destroyed was considerably
less than in areas where there was no vegetation or vegetation had been
destroyed (FAO, 2007; University of Moratuwa, 2005).

Conclusion

This chapter has focused on the importance of the performance of coastal
ecosystems for coastal hazard mitigation. It is evident that natural de-
fence systems play a vital role in coast conservation and that they are
able to withstand the impacts of severe coastal hazards with high-
amplitude waves and currents provided their threshold values of stability
are not exceeded. Therefore, if natural systems are to be fully harnessed
for hazard mitigation, it is important to understand their performance
against the expected hazards. This leads to the identification of appropri-
ate natural defence systems for specific regions, taking into consideration
the expected hazards, their frequency of occurrence and the magnitude of
the impacts. All mitigation measures should be undertaken within a
coastal zone management framework for multiple hazards, and there is
high potential for the use of hybrid methods. Depending on the vulnera-
bility of the coastline, it may even become necessary to adopt a combina-
tion of engineered and natural barriers.

Physical modelling investigations into simulated coral reef systems and
vegetation have highlighted important information on the performance
of natural defence systems. These investigations have led to a clearer
understanding of several observations from post-tsunami surveys and



80 HETTIARACHCHI, SAMARAWICKRAMA, FERNANDO, ET AL.

have underscored the high potential for the use of coastal ecosystems for
hazard mitigation. In comparison with the use of engineered methods,
natural defence methods have wider application in areas where the
occurrence of episodic hazardous events is infrequent and they can very
effectively be used as part of hybrid systems for coast protection and
conservation.

REFERENCES

Bandara, R.PS.S. (2008) “Tsunami Impact Mitigation by Coastal Vegetation”.
MSc thesis, Department of Civil Engineering, University of Moratuwa, Sri
Lanka.

Chang, Y.H. and H.H. Hwung (2006) “Experiments on the Run-up of Solitary
Waves over Sloping Bottoms”. Third Chinese-German Joint Symposium on
Coastal and Ocean Engineering, National Cheng Kung University, Taiwan.

Chatenoux, B and P. Peduzzi (2007) “Impacts from the 2004 Indian Ocean Tsu-
nami: Analysing the Potential Protecting Role of Environmental Features”.
Natural Hazards 40: 289-304.

FAO [Food and Agriculture Organization] (2007) “Coastal Protection in the
Aftermath of the Indian Ocean Tsunami: What Role for Forests and Trees?”
In Proceedings of the Regional Technical Workshop, Bangkok, August 2006.
RAP Publication 2007/07.

Fernando, H.J.S. et al. (2005) “Coral Poaching Worsens Tsunami Destruction”.
Eos 86(33).

Fernando, H.J.S. et al. (2007a) “Tsunamis: A Journey through Their Manifestation
and Aftermath”. In M. Gad-el-Hak (ed.), Large-Scale Disasters: Prediction,
Control and Mitigation. Cambridge: Cambridge University Press.

Fernando, H.J.S. et al. (2007b) “Effects of Porous Barriers such as Coral Reefs on
Coastal Wave Propagation”. Journal of Hydro Environmental Research 1: 187-
194.

Fleming, C. (1992) “The Development of Coastal Engineering”. In M.G. Barrett
(ed.), Coastal Zone Planning and Management: Proceedings of the Conference
Coastal Management ’92. London: Thomas Telford.

GEUS [Geological Survey of Denmark and Greenland] (2007) “Tsunami Dam-
age Projection for the Coastal Area of Kenya”. Unpublished report, Geological
Survey of Denmark and Greenland, Copenhagen.

Goff, J. et al. (2006) “Sri Lanka Field Survey after the December 2004 Indian
Ocean Tsunami”. Earthquake Spectra 22(S3): 155-172.

10C [Intergovernmental Oceanographic Commission] (2009) Hazard Awareness
and Risk Mitigation in Integrated Coastal Area Management (ICAM). 10C
Manuals and Guides No. 50, ICAM Dossier No. 5. Paris: UNESCO.

JWRC [Japan Wildlife Research Centre] (2008) “Assessment of the Tsunami
Mitigation Function of Coastal Forests/Trees and Proposal for Appropriate
Forest Management”. Seminar organized by Japan Wildlife Research Centre,
Colombo, Sri Lanka, March.



COASTAL ECOSYSTEMS FOR HAZARD MITIGATION 81

Kathiresan, K. and N. Rajendran (2005) “Coastal Mangrove Forests Mitigated
Tsunami, Short Note”. Estuarine, Coastal and Shelf Science 65: 601-606.

Kerr, A.M. and A.H. Baird (2007) “Natural Barriers to Natural Disasters”. Bio
Science 57(2): 102-103.

Kerr A.M. et al. (2006) “Comments on ‘Coastal Mangrove Forests Mitigated Tsu-
nami’ by K. Kathiresan and N. Rajendran”. Estuarine, Coastal and Shelf Science
67: 539-541.

Liu, PL.F. et al. (2005) “Observations by the International Tsunami Survey Team
in Sri Lanka”. Science 308: 1595.

Marris, E. (2005) “Tsunami Damage Was Enhanced by Coral Theft”. Nature 436:
1072.

Marris, E. (2006) “Sri Lankan Signs Warn Coral Thieves of Nature’s Wrath”.
Nature 440: 981.

Mascarenhas, A. and S. Jayakumar (2008) “An Environmental Perspective of the
Post-tsunami Scenario along the Coast of Tamil Nadu, India: Role of Sand
Dunes and Forests”. Environmental Management 89(1): 24-34.

Nandasena, N.A.K. et al. (2009) “Investigations on Tsunami Inundation and
Coastal Vegetation Characteristics”. In Proceedings of Third International Con-
ference in Ocean Engineering (ICOE 2009): 1118-1128.

Ratnasooriya, A.H.R. et al. (2008) “Mitigation of Tsunami Inundation by Coastal
Vegetation”. “Engineer”. Journal of the Institution of Engineers, Sri Lanka,
October.

Tanaka, N. et al. (2007) “Coastal Vegetation Structures and Their Functions in
Tsunami Protection: Experience of the Recent Indian Ocean Tsunami”. Land-
scape and Ecological Engineering 3: 33-45.

UNEP [United Nations Environment Programme] (2005) “Sri Lanka Post Tsu-
nami Environmental Assessment”. UNEP, Asian Tsunami Disaster Task Force
and Ministry of Environment and Natural Resources, Sri Lanka.

UNEP-WCMC [United Nations Environment Programme World Conservation
Monitoring Centre] (2006) In the Front Line: Shoreline Protection and Other
Ecosystem Services from Mangroves and Coral Reefs. UNEP-WCMC Biodiver-
sity Series No. 24. Cambridge: UNEP-WCMC.

University of Moratuwa (2005) “Brown Assessment: Post Tsunami Rapid Envir-
onmental Assessment”. University of Moratuwa, Sri Lanka.

US IOTWS [Indian Ocean Tsunami Warning System] Program (2007) “How Re-
silient Is Your Coastal Community? A Guide for Evaluating Coastal Commu-
nity Resilience to Tsunamis and Other Hazards”. U.S. IOTWS Document No.
27-I0TWS-07. U.S. Indian Ocean Tsunami Warning System Program supported
by the United States Agency for International Development and partners,
Bangkok, Thailand.



82

4

Bioshields: Mangrove ecosystems as
resilient natural coastal defences
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Introduction

Coastal areas are dynamic: tides can change the intertidal landscape
within a matter of hours, and low-frequency, high-magnitude events such
as storms, tsunamis and floods can change the coastal landscape dramati-
cally. A number of ecosystems inhabit the dynamic intertidal zone in the
tropics, including seagrass beds, coral reefs, saltmarshes and mangrove
forests. The ecosystem function of these coastal habitats varies across a
range of time-scales: thus, in mangroves, physiological changes take place
over minutes to days, tree growth varies over months to years, and large-
scale changes in forest communities occur over decades to centuries, un-
less extreme events suddenly affect forest structure (Spencer and Moller,
2012). Changes in habitat communities in turn have an impact on the
broad socioeconomic and ecosystem services provided by these systems.
Coastal habitats provide a range of ecosystem services and help support
adjoining ecosystems and local livelihoods. For example, mangroves sup-
port offshore fisheries owing to nutrient export across the food chain,
provide nursery grounds for juvenile fish and shellfish, assimilate pollu-
tants, supply local timber products (Silvestri and Kershaw, 2010) and re-
duce coastal vulnerability as a result of hydrodynamic energy (wave and
current) attenuation, up to a certain energy threshold (Figure 4.1).

The following sections present a case for mangroves as bioshields —
“natural coastal defences” for communities vulnerable to natural distur-
bances and coastal hazards. Although information is available on the role

The role of ecosystems in disaster risk reduction, Renaud, Sudmeier-Rieux and Estrella (eds),
United Nations University Press, 2013, ISBN 978-92-808-1221-3
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Figure 4.1 The interconnected ecosystem services provided by mangroves
Sources:  Walters et al. (2008); 2 Gilbert and Janssen (1998); * Silvestri and Ker-
shaw (2010); * Moberg and Ronnbick (2003); 3 Mazda et al. (2006); ¢ Quartel et
al. (2007); " Donato et al. (2011).

of mangroves in coastal protection and disaster vulnerability reduction,
this information has focused on particular regions (specifically Southeast
Asia) and on specific events. Furthermore, some baseline information on
the dynamics of waves during disturbance conditions and normal condi-
tions is contradictory, whereas their services for sustainable fisheries and
wood production are more widely known.

Despite the importance of mangrove forests, it is estimated that 50 per
cent globally have already been lost (Feller et al., 2010) at a rate of 1-2
per cent per year (Duke et al., 2007), though much uncertainty is inher-
ent in large-scale ecosystem statistics (Friess and Webb, 2011). Large
areas of remaining forest are experiencing varying levels of degradation,
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affecting their resilience to coastal change. This chapter introduces the
concept of ecosystem resilience, with its application to mangrove forests.
It then briefly discusses the impact of extreme events in coastal areas glo-
bally, before considering how mangroves may be able to act as a bioshield
to reduce the vulnerability of local populations to natural hazards. Finally,
we recognize that coastal protection is just one of a broad range of eco-
system services afforded by mangroves.

The resilience of coastal ecosystems

Variations in geological, geomorphologic, hydrodynamic and climatic
conditions influence the past and current distribution of coastal ecosys-
tems. The distribution of tropical intertidal habitats (especially man-
groves, marshes and seagrass beds) is constrained by the inundation
regime and hydrodynamic forcing, such that these habitats are generally
found in low-energy environments that allow sediment deposition and
subsequent vegetation establishment. Natural disturbances may be seen
as an influential but low-frequency secondary factor (with the daily or
seasonal rhythms of tidal inundation, sediment and nutrient transfers as
the primary control) over human time-scales. Over geological time-scales,
however, disturbance can be considered a quasi-continuous force (Wood-
ley, 1992). The impact of natural disturbance is part of an ecosystem’s life
history and dynamics (Bengtsson et al., 2000; EImqvist et al., 2003). A re-
silient ecosystem, as defined by Holling (1973), moves from an equilib-
rium state to a disturbance and recovery state. However, the thresholds
that determine whether an ecosystem returns to a given stability land-
scape or not remain difficult to quantify and depend on ecosystem type,
health and location and disturbance type. The need to use and review
existing methodologies for the recognition of such thresholds or system
switches has been identified by Andersen et al. (2009). A single event can
alter the distribution and abundance of species and organisms and set
conditions different from those prior to the event, thus promoting adap-
tive, and perhaps evolutionary, processes. It must be recognized, however,
that, even in the absence of disturbances or where there are long return
periods between disturbances, other processes (such as competition be-
tween species) can equally result in alternative end-states (Salazar-
Vallejo, 2002).

Natural disturbances can alter the balance of complex ecosystem pro-
cesses and affect ecosystem resilience. Reduced resilience may result in
ecosystem fragility and sensitivity to further disruption (Peterson et al.,
1997). The term “ecosystem resilience” has been expanded to include
human activities (biodiversity loss, land-use change, hydrological and bio-
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geochemical cycle alteration, climate change) as part of ecosystem change
rather than as external to the ecosystem (Gunderson and Folke, 2005).
Therefore, ecological resilience — for many social, ecological and engineer
practitioners — incorporates all agents affected within a system in order
to understand ecosystem responses to a disturbance as well as the inter-
relations among those agents (Carpenter et al., 2001; Gunderson, 2000;
Folke et al., 2002; Gunderson and Folke, 2005; Holling, 2001). It is impor-
tant to clarify that, although the term “resilience” is commonly used in
the context of socio-ecological resilience in relation to natural hazards,
this contribution focuses solely on ecological resilience as an important
attribute of coastal ecosystems that can reduce the vulnerability of
coastal areas (including settlements, economic activities, livelihoods and
natural ecosystems) to natural hazards.

Ecosystem resilience is essential to the sustained and long-term provi-
sion of ecosystem services in complex systems faced with future uncer-
tainty and “surprise” (Elmgqvist et al., 2003; Gunderson and Holling,
2002), such as mangroves and other coastal ecosystems. In general, much
research effort is focused towards identifying potential species distribu-
tion changes and abundance in response to disturbances, whereas less is
known about natural temporal patterns (regionally or globally), or func-
tional attributes that allow a species to respond to disturbances (Hughes
et al., 2003). There is also an express need to understand the linkages be-
tween ecosystems, social systems and community interaction with the
natural environment. The literature that integrates these three areas is,
currently, generally descriptive (Lacambra et al., 2008a; Lacambra, 2009).

Uncertainty exists over the potential response of coastal habitats to
disturbances promoted by climate change. Over long time-scales (dec-
ades or centuries), coastal ecosystems such as mangroves may be able to
keep pace vertically with sea level rise and/or migrate inland if not im-
peded by either natural or fabricated barriers and if space is available to
them (Fitzgerald et al., 2008). However, such capabilities are limited by
the degree to which the ecosystem has been degraded and by its capacity
to cope with other multiple stressors (for example, temperature rise and
ocean acidification for coral reefs). An adaptive ecosystem management
approach could improve ecosystem and societal resilience to both sudden
disturbance events and gradual forcing and thus reduce the community’s
vulnerability to natural hazards. Despite increasing efforts to achieve this
goal, originating particularly from climate change adaptation initiatives
(see Andrade et al., 2010, for more detail), there is a need for further re-
search on this topic because most current analyses and recommenda-
tions are targeting communities and social conditions, and very few have
focused on ecosystem management, impacts or responses (Lacambra et
al., 2008b; Lacambra, 2009; Tomkins and Adger, 2003).
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“Extreme events” at the coast

Before discussing evidence for the impact of extreme events on man-
grove ecosystems and the impact of the existence of the latter on the so-
cietal and economic consequences of the former, it is necessary to reflect
on what constitutes an “extreme event”. From a socioeconomic perspec-
tive, an “extreme event” might be expected to be linked to the occur-
rence of a “natural disaster”. The United Nations Department of
Humanitarian Affairs and the International Decade for Natural Disasters
Reduction (1990-2000) define a disaster as “a serious disruption of the
functioning of a society, causing widespread human, material or environ-
mental losses which exceed the ability of affected society to cope using
only its own resources” (UNDHA-IDNDR, 1992). Statistics relating to
disaster frequency and magnitude may not always represent the full im-
pacts and consequences of each event and are often dependent upon ac-
curate reporting. However, such data do give a broad overview of trends
in the type, frequency and human impact of “extreme events”. The figures
summarized in Table 4.1 were compiled by EM-DAT! to analyse patterns
at the global scale, in time and space, and according to the type of event,
both coastal and non-coastal. The main findings include:

e The number of countries reporting natural disasters has almost tripled
during the past 50 years, from 72 countries in the 1950s to 200 in the
2000s, with larger countries reporting more natural disasters.

¢ Flooding events consistently affect the greatest number of people.
After floods, earthquakes are the events that impact most people, but
most of these devastating events have not occurred directly in coastal
areas.

In particular for coastal areas, the consequences of events® represented

by casualties, people affected and damages can be summarized as follows:

e Storms are the deadliest events in tropical coastal areas, followed by
earthquakes and floods, and 9 of the 10 most deadly events have
affected coastal zones.

e Of the most deadly reported events since the 1900s, 50 per cent have
affected coastal areas (for example, the Haiti 2010 earthquake, the
Bangladesh cyclones of 1970 and 1991, the Southeast Asia tsunami in
2004, and Tropical Cyclone Nargis in Myanmar in 2008).

e Of the top 10 events (according to numbers of people affected) in the
tropics, 50 per cent occurred in coastal areas, and, of those, 4 were trop-
ical storms (Bangladesh 1965 and 1991, and India 1977 and 1999).

e Similarly, 73 per cent of the top 10 most damaging events have oc-
curred in coastal areas (earthquakes and tropical storms being the
most damaging events reported). This is in part owing to the geograph-
ical distribution of many high-magnitude disaster events (tsunamis, for
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example, cause a high death toll and are restricted to the coastal zone).
However, population location and social structures increase exposure
to hazards in coastal areas. Population density is disproportionately
greater in the coastal zone. The Intergovernmental Panel on Climate
Change estimates that, by the 2080s, up to 561 million people may be
at risk of a 1:1000 year coastal flooding event alone, assuming linear
population growth and a conservative sea level rise of 0.34 metres
maximum (Nicholls et al., 2007). McGranahan et al. (2007) estimate
that 10 per cent of the global population and 13 per cent of the urban
population, in only 2 per cent of the world’s area, are located at or be-
low 10 metres above sea level.

e Despite the frequency, magnitude and impacts of natural hazards in
the tropics, economic damage has been severely underreported for all
types of events, including in coastal areas. There are only 12 reports of
damage in tropical countries, none of which seems to be a direct conse-
quence of coastal marine hazards. Furthermore, and surprisingly, taking
into account that the costs of recent natural disasters such as Hurri-
cane Katrina in New Orleans (2005) have not been fully assessed
(Grossi and Muir-Wood, 2006, in Nicholls et al., 2011), the situation for
assessing disaster impacts in developing countries and Small Island De-
veloping States (SIDS) could be very difficult — particularly in Asia
(and excluding the SIDS), where it has been estimated that 13 per cent
of the population live less than 10 metres above sea level (55 per cent
in Viet Nam, 46 per cent in Bangladesh, 26 per cent in Thailand, 20 per
cent in Indonesia) (McGranahan et al., 2007).

Although there is some uncertainty surrounding these figures, they
give a broad indication of the types of events and impacts affecting tropi-
cal coastal populations and their geographical occurrence. Coastal disas-
ters in the tropics are a major threat to coastal communities, especially in
developing nations where vulnerability is likely to be higher owing to po-
tentially lower preparedness and lower response and recovery capacity
(McGranahan et al., 2007). However, even these figures may be an
underestimate. The consequences of many devastating events in coastal
areas in the tropics have not been adequately recorded, despite the ef-
forts of many national and international agencies (although in recent
years reporting mechanisms have improved). It is also difficult to address
the economic impact of natural disasters, because the economic impacts
may be both direct (damage to industry, infrastructure and services) and
indirect (for example, damage to livelihoods, which may be hard to meas-
ure owing to the informality of societies, the transient status of some
people and other inner conflicts independent of the disturbance itself).
This may be the case especially with regard to events that result in fewer
casualties and that may be overlooked.
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Table 4.1 Summary of the disaster statistics presented in the text

1950s 1960s 1970s 1980s 1990s 2000s

Number of events 293 582 903 1,824 2,971 4,437
Number of 72 121 137 168 200 200

countries

reporting events
Storms per decade 120 212 291 559 899 1,054
Floods per decade 81 155 263 524 865 1,728
Death toll per 2,000,033 1,564,651 332,442 27,030 172,008 815,855

decade
Per cent of 0 3.7 98.8 0 80.7 64.55

casualties in
tropical coastal
areas

Source: Based on data from EM-DAT’s International Disaster Database.

Notes: Emphasis has been placed on floods and storms because they are the most
frequent events. The last two rows refer to coastal areas; the rest of the figures
are global (including coastal areas).

The above discussion highlights that a clear definition of what consti-
tutes an “extreme event” is impossible because definitions are context de-
pendent. It also illustrates, however, that the vulnerability of coastal areas
to natural hazards is a useful way to conceptualize the importance of ex-
treme events at particular locations. The role of ecosystems in diminish-
ing such vulnerability and in increasing a region’s capacity to respond to
change and to cope with changing environmental conditions is thus po-
tentially critical but is, at present, little understood.

The role of mangroves in extreme coastal events

Prior to the 2004 Asian tsunami, mangrove ecosystems were traditionally
protected and restored for socioeconomic benefit (fisheries, timber and
non-timber products). As a consequence of recent events, their potential
role in coastal protection has received much more attention. This section
describes the importance of mangroves in mediating the impact of ex-
treme events. Specifically, it examines (i) how such events affect the eco-
system, and (ii) how the ecosystems could mitigate the impacts of those
events on coastal populations (that is, the protective role of mangroves).
Both sets of processes are related to ecosystem resilience. On the one
hand, it is assumed that the impacts of disturbances have been constant
over time and ecosystems have developed strategies that allow a response
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to such disturbances and a recovery to an equilibrium state (for example,
adaptation strategies that allow improved larval or propagule dispersion
after an event). On the other hand, despite the damage sustained by
mangroves during high-magnitude events, the characteristics that miti-
gate the force of an event are also those that protect the ecosystem as a
whole, and hence are useful in coastal protection.

The impacts of disturbances on mangroves

Tsunamis, storms, hurricanes/cyclones/typhoons, lightning strikes and
freshwater discharges are common disturbances to mangrove ecosystems.
Their impact on mangrove forests depends on the intensity, frequency
and magnitude of the disturbance and on the geographical setting of the
area (Alongi, 2008; Lugo, 2000; Piou et al., 2006). The mechanisms that
affect forests as a consequence of natural disturbances are: winds, waves,
sediment burial, water levels and subsidence ( Badola and Hussain, 2005;
Cahoon and Hensel, 2002; Hensel and Proffitt, 2002; Pimm et al., 1994).
These five mechanisms can have a direct impact on mangrove forests by
causing coastal flooding, sediment erosion and deposition, and tree dam-
age (defoliation, breakage and uprooting). Indirectly, coastal disasters
can also change flooding regimes and freshwater inputs over the short
and medium term. The consequences of hurricanes and tsunamis for
coastal ecosystems have been discussed in greater detail by, amongst
others, Cahoon and Hensel (2002), Gedan et al. (2010), Hensel and Prof-
fitt (2002), Lacambra et al. (2008a), Lacambra (2009), Milbrandt et al.
(2006) and Pimm et al. (1994).

Spencer et al. (2009) have summarized the non-linearities associated
with storm impacts. Whereas hurricanes with typical wind speeds of 120-
150 km/hour result in a patchwork of affected and unaffected areas, se-
vere storms (with wind speeds in excess of 200 km/hour) may overcome
the structural resistance of the mangrove forest as a whole, reducing the
canopy, creating environments unsuitable for plant re-establishment, and
restricting the development of mangrove forest cover for up to 50 years.
Slow-moving hurricanes produce prolonged coastal wave impacts and
beach scouring. These systems can cover large areas and can be accompa-
nied by high rainfall and extensive flooding. By comparison, compact,
fast-moving and intense hurricanes (such as Hurricane Andrew in 1992)
generate less wave scour but produce brief and extremely strong, short-
term unidirectional currents and onshore surges. Such storms leave
beaches and coastal barriers relatively intact but do great damage to
subtidal seagrass meadows (Smith et al., 2009; Tedesco et al., 1995).

Spencer et al. (2009) also show that hurricanes are often only the trig-
ger for ongoing system responses. Thus Knowlton et al. (1981) document



90 LACAMBRA, FRIESS, SPENCER AND MOLLER

ongoing coral mortality following Hurricane Allen (1980), at an order of
magnitude more severe than the impact of the storm itself; and, more
than two years after Hurricane Donna (1960), storm-damaged mangroves
were still experiencing mortality in the Florida Keys (Craighead and
Gilbert, 1962). Disturbance damage can change ecosystem structure and
composition by altering age and size distribution, forest composition
and biomass, species diversity, succession processes, nutrient cycling, and
plant and animal interactions (Sherman et al., 2001). These changes are
related to direct disturbance and to post-disturbance conditions such as
gap creation, delayed mortality and the capacity for recolonization by
vegetative growth of existing species or seed dispersal into the mangrove
(Lugo, 2000). Sherman et al. (2001) state that the ability of a species to
colonize a canopy gap is important in determining final species com-
position, regardless of the nature and strength of the disturbances. Piou
et al. (2006) show, through the long-term assessment of mangrove recovery
in Belize, that the pattern of surviving remnant mangrove vegetation can
have a strong influence on the course of post-storm recovery. For Rhizo-
phora, which has little ability to regenerate from fallen roots or coppice
from broken trunks, the presence of a high density of surviving seedlings
becomes critical; where there are few remaining seedlings, forest replace-
ment by genera with pioneer traits, such as Avicennia and Laguncularia,
which can coppice, is likely (Friess et al., 2012; Proffitt et al., 2006;
Tomlinson, 1986).

There is a second, indirect cause of species composition change after
disturbance. Cahoon et al. (2003) measured up to a 9-10 mm/year de-
crease in surface elevation over a 1.5-3-year period after Hurricane
Mitch (1998) in Honduras. Tree death led to root collapse, and eventually
to the loss of peat integrity. Defoliated and dead trees did not add new
organic matter inputs from leaf fall, and seedlings were unable to re-
establish once inundation frequencies increased with surface elevation
collapse.

Tree height and species composition are the mangrove characteristics
most commonly reported to be affected by disturbance. The former is re-
lated to physical resistance to wind and waves and the second to different
species life traits and strategies to cope with disturbances and change
(Cahoon and Hensel, 2002; Hensel and Proffitt, 2002; Lacambra et al.,
2008a; Milbrandt et al., 2006; Pimm et al., 1994; Roth, 1992; Sherman et
al., 2001). Larger trees are more likely to suffer stem breakage or top-
pling in the path of a hurricane (Roth, 1992; McCoy et al., 1996). Con-
versely, Milbrandt et al. (2006) and Smith et al. (1994) show mortality
rates of 20 per cent and 10 per cent, respectively, for mangrove trees with
breast height diameters of less than 5 cm affected by Hurricanes Charley
and Andrew.
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The main force driving tsunamis is long-period waves. Wave character-
istics at mangrove margins are determined by the process base of the tsu-
nami (tectonic movement, submarine landslide or volcanic eruption), the
shoreline position in relation to the location of generation, and regional
bathymetry and topography. Damage from the 2004 Asian tsunami
reported in a number of publications (Alongi, 2008; Cochard et al., 2008;
Dahdouh-Guebas et al., 2006; EJF, 2006; FAO, 2008) includes defoliation,
breakage, bending of trunks and branches, uprooting, suffocation of roots
and tree mortality. These impacts have been related to direct wave attack,
prolonged inundation and burial by eroded sediments. Geographical po-
sition is an important influence on damage levels — the closer the trees
are to the frontline, the greater the likelihood of damage — but impacts
are also species specific. Furthermore, as with storms, smaller trees typi-
cally suffer more damage than bigger trees of the same species (Cochard
et al. 2008; FAO, 2008). Wood density, flexibility and volume of tree
crowns and foliage are other characteristics that influence the degree of
breakage and bending under tsunami wave impacts.

The role of mangroves in disaster risk reduction

Intertidal wetlands perform an important role in disaster risk reduction
by attenuating hydrodynamic energy up to a certain water level and wave
height threshold. Vegetation structures decrease the velocity of incoming
water by friction and drag around their stems and the bed surface
(Moller, 2006). Importantly, wave attenuation by vegetation is spatially
non-linear (Koch et al., 2009), because much hydrodynamic energy is ab-
sorbed by vegetation at the seaward edge. Interactions between hydro-
dynamic forcing and intertidal vegetation have been best studied in
temperate saltmarshes (for example, Moller et al., 1999; Méller, 2006).
Less direct research into interactions between hydrodynamics and vege-
tation has been conducted for tropical mangrove systems (some ex-
amples include Mazda et al., 2006; Vo-Luong and Massel, 2008). There
are many mangrove characteristics that reduce incoming hydrodynamic
energy (see Table 4.2). At the single plant scale, hydrodynamic energy is
attenuated by (i) bottom friction from the mud surface; (ii) drag forces
owing to complex mangrove root morphology (and foliage at higher
water levels); and (iii) eddy viscosity owing to turbulent water motion
through root gaps (Brinkman et al., 1997; Massel et al., 1999; Mazda et
al., 2006). As in saltmarshes, the effectiveness of hydrodynamic attenua-
tion by mangroves is dependent on the species and on stem density
(Mazda et al., 1997, 2006; Vo-Luong and Massel, 2008). According to hier-
archy theory (where behaviour at one scale results from lower-order
processes at smaller temporal and spatial scales), single plant interactions
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contribute to hydrodynamic attenuation at the ecosystem scale (higher
order), where attenuation is governed by characteristics such as the width
of the mangrove forest.

Wave energy reduction of 50 per cent has been reported over a dis-
tance of 150 metres in a Rhizophora forest by Brinkman et al. (1997) and
over a distance of 100 metres in a Sonneratia forest by Mazda et al.
(2006). As has been reported for saltmarshes (Moller et al., 1999), wave
dissipation through mangroves is also spatially non-linear, such that, for
short-period (2-3 seconds) storm waves in the Can Gio mangrove bio-
sphere reserve, South Viet Nam, 35 per cent of incident wave energy was
reported to be typically dissipated at the outer edge, but this figure in-
creased to 100 per cent at a distance of 40-50 metres within the forest
(Vo-Luong and Massel, 2008). The effect of mangrove vegetation on wind
waves is thus complex, being dependent on vegetation species and den-
sity, making generalizations difficult.

In addition to considerations of species type, cover and density at the
small scale, at the meso-scale of several hundreds of square metres,
geomorphological features such as creek channels also act as roughness
elements that cannot be ignored with respect to their impact on tidal flow
and wave propagation across the mangrove surface.

Although the 2004 Asian tsunami focused the discussion on the effec-
tiveness of mangroves in protecting communities (for more detail, see
Alongi, 2008; Kaplan et al., 2009), it must be remembered that the impact
of tsunami waves results from a fundamentally very different physical
process from that involved in a series of wind-generated storm waves.
The role of mangroves in protecting against low-frequency, high-
magnitude events such as tsunamis, where wave length, wave height and
velocity characteristics are markedly different from short-period storm
waves (Alongi, 2008), is not fully understood. Some studies suggest that
communities living behind mangrove forests suffered less during the 2004
Asian tsunami compared with communities with no fronting mangrove
(Dahdouh-Guebas et al., 2006; Danielsen et al., 2005; EJF, 2006; Kathire-
san and Rajendran, 2005; Tanaka et al., 2007; Vermaat and Thampanya,
2006). There is also a strong perception within the local population that
mangroves play a significant role in tsunami impact reduction; Venkatach-
alam et al. (2009) report that 94 per cent of fishers interviewed in their
study thought that mangroves protected communities from further deaths
and housing damage in Sri Lanka during the 2004 Asian tsunami. Other
studies of this event inferred the protection benefit of mangroves by
mere statistical correlation, visual interpretation on the ground or remote
sensing. Because there are co-varying controls on tsunami impact (for
example, near-shore and offshore bathymetry and the angle of approach
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Table 4.2 Characteristics of mangroves reported to increase their effectiveness in

coastal protection

Characteristic Comment

Width Greater width leads to less damage to human communities
behind the forest

Density Greater density creates greater energy dissipation

Species Different species create different drag forces

Forest structure

Height

Age
Stiffness of plant

Orientation and
geometry of the
plantation

Continuity and
uniformity

Health
Root system

Length

Species composition and distribution, specimen age and
size, and general structure of the system can influence the
system’s resilience and capacity to cope

Although from root to canopy the resistance to wave
energy varies with the tree structure and characteristics,
taller trees seem to play a greater role in wave
dissipation during storm conditions

Age is related to tree size but also to diameter and root
networks, which tend to be more solid in mature trees

Depending on their stiffness, the trees can resist more or
less energy

It has been assumed that this relates to the location of the
forest and the way the waves and wind reach it

Fragments can channel the energy and increase it. The less
fragmented the ecosystem, the greater its attenuation
capacity

This relates to the resistance and resilience of ecosystems

This stabilizes the substrate where the trees are, but in
addition the robust network of roots acts as a brake on
the wave energy

This relates to the area and width of the ecosystem and its
role as a coastal defence

Sources: For a more complete list of sources please see Alongi (2008) and Lacam-
bra et al. (2008a). The table has been built including all sources, but the ones
listed here are the primary sources of information in published scientific papers:
Othman (1994); Mazda et al. (1997); Tri et al. (1998); Massel et al. (1999);
Sathirathai and Barbier (2001); Hadi et al. (2003); Hiraishi and Harada (2003);
Danielsen et al. (2005); Siripong et al. (2005); Braatz et al. (2007); Fritz and
Blount (2007); Latief and Hadi (2008); Olwig et al. (2007); Quartel et al. (2007);
Barbier et al. (2008); Lacambra et al. (2008a); Tanaka (2009); Yanagisawa et al.
(2010); Gedan et al. (2010).

of the tsunami wave), such statistical/visual relationships do not necessar-
ily imply a causal link between mangrove presence or characteristics and
tsunami impact reduction. The mechanisms by which mangroves offer po-
tential tsunami protection (for example, vegetation-induced roughness,
habitat width or intertidal slope) are thus still largely unknown (Alongi,
2008; Feagin, 2008; Feagin et al., 2010; Kerr et al., 2006).
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Knowledge gaps regarding wave attenuation in mangroves

Despite efforts to understand the protective role of mangroves (espe-
cially since the 2004 Asian tsunami), many assumptions are still made
and knowledge gaps exist. Much of the information regarding the effec-
tiveness of mangroves in coastal protection is based on models with few
variables. The information sources in our section on “extreme events”,
together with other sources, were classified in order to understand the
focus of research involving mangroves and coastal protection for all kinds
of waves. For this purpose, 37 documents were reviewed, including books,
peer-reviewed articles and technical discussions, with the aim of finding
scientific evidence that could help determine the characteristics of man-
groves that make them suitable as coastal defences.> Only those sources
were used that include models or figures of wave dissipation within the
forests. Documents were divided into nine categories: documents that did
not state the origin of the figures; literature reviews; regulation and legis-
lation documents; numerical models and computer-based models; in situ
measurements; technical discussions; direct observation; models based on
in situ measurement and observation; and cost-benefit analyses. Of these
papers, 11 per cent did not state how the information was derived, 13.5
per cent were models based on in sifu measurements and observation
and 24 per cent were based on numerical modelling. Fewer than 50 per
cent of the models clearly stated that they had been validated. Nearly
two-thirds of these documents were published after the 2004 Asian tsu-
nami, and one-third were directly related to the characteristics of the
2004 Asian tsunami.

In general, one of the most common characteristics thought to attenu-
ate hydrodynamic energy (of both wind-generated waves and tsunami
waves) is mangrove forest width, though there are also many other vari-
ables that contribute to attenuation (see Table 4.2; also Chapter 2 in this
volume). Ecosystem width is evidently important in the attenuation of
wave (wind-generated and tsunami) energy; however, other ecosystem
characteristics, such as the relative density of the exposed root systems
versus that of the tree canopy, are likely to play a significant role in wind
wave attenuation in certain circumstances. Water depth, for example, dic-
tates whether wave dissipation is achieved by the tree canopy or by the
root layer (Gedan et al., 2010). Such secondary controls, however, seem
to have been less researched.

The ecosystem’s capacity to absorb the impact of natural hazards has
been acknowledged, but a mangrove’s physical resistance and resilience
in relation to such impacts have not been fully researched. Furthermore,
little is known about the threshold(s) beyond which the ecosystem
changes to a different state. For mangrove forests in particular, research
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on resilience is not common. Lacambra (2009) has argued that proxy
indicators can be used to assess an ecosystem’s resilience when directly
recorded information is not available. Particularly for mangroves, these
indicators relate to (i) the intrinsic defence capacity of the system; (ii) its
health; and (iii) the pressures placed upon the system. Within these three
categories, the proxy parameters can include: ecosystem width, length,
area, density and fragmentation, seaward margin distance to the shore,
vegetation height, biodiversity, ecosystem uses, human activities within
and surrounding the ecosystem, freshwater input, pollution, domestic and
industrial discharges to or nearby the system, the dominant land use,
characteristics and density of the human population, the presence and
type of infrastructure and channelization.

Nevertheless, ecosystem resilience is only one of the conditions that
must be understood before the potential for sustainable coastal protec-
tion by mangroves can be adequately assessed. Mangrove ecosystems are
subject to continuous changes, and these changes result from a range of
different drivers. Similarly, the mechanisms by which mangroves act as
coastal protection can be explained at different scales, from the processes
generated by the presence of a single tree to the protective role of an
entire mangrove forest landscape. Hence, independently of the mangrove
as a physical barrier attenuating the force of waves (under normal or
under disturbance conditions), it is important to understand other char-
acteristics that allow the system to respond to and cope with change, in-
cluding ecological and geological factors. There is a clear need for studies
that aim to improve this understanding.

Despite the increasing knowledge regarding the protective role of
mangroves during average and extreme inundation/wave events, and de-
spite the evidence base on the impact of extreme inundation/wave distur-
bances, there still seems to be a lack of understanding of the interlinkages
between the biological and the geomorphological processes, including
factors that determine the ecosystem’s resilience. There is thus an urgent
need to create methods that provide sound information to fill this know-
ledge gap.

Mangroves: More than just a coastal defence

Understanding mangrove ecosystem resilience is essential for the sus-
tained production of the natural resources and ecosystem services they
offer. In addition to coastal protection, ecosystem services provided by
mangroves include the provision, support, regulation and creation of
sociocultural services, which have also been the subject of an increasing
number of studies over recent years. Das and Vincent observed in 2009
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that, independent of their coastal protection value, mangroves are worth
conserving because of the many benefits they provide to coastal commu-
nities. However, Aburto-Oropeza et al. (2007) identify a lack of under-
standing with regard to the linkages between the ecological functions of
these systems and their social benefits; hence, greater knowledge of the
process interactions will ultimately enable more effective ecosystem-
based adaptation plans to be efficiently implemented.

The value of ecosystem services provided by mangroves

Barbier et al. (2008) and Silvestri and Kershaw (2010) clearly identify
many of the ecosystem services that mangrove forests provide and have
highlighted their links to the well-being of coastal communities (Figure
4.1). Although qualitatively describing such ecosystem services may be
straightforward, it is often difficult to assign an economic value to them
(Aburto-Oropeza et al., 2007; Barbier et al., 2008; Koch et al., 2009;
Walters et al., 2008). This is because mangrove systems include a number
of variables and interactions that may be non-linear temporally and/or
spatially, and (potentially unknown) thresholds may exist beyond which a
service provides a negative benefit. For example, intertidal wetlands may
become a source (rather than a sink) of carbon if hydroperiod or erosion
increases beyond a certain threshold (Chmura et al., 2003). It is also dif-
ficult to put a price on “well-being”. Despite the difficulties inherent in
the quantification of ecosystem services, attempts have been based on a
benefit transfer approach. For example, one study estimates that 1 hec-
tare of restored mangrove may be worth as much as US$4,290 per year
(TEEB, 2009). This is low compared with estimates for coral reefs
(US$129,200) but higher than estimates for woodlands/shrublands
(US$1,571). It should, however, be kept in mind that The Economics of
Ecosystems and Biodiversity (TEEB) database and value analysis were
still under development when those figures were published.

Mangroves provide multiple services to increase livelihoods

Research throughout the tropics has highlighted the many benefits that

mangroves provide to coastal communities (though it is important to

note that not all perceived benefits have a proven causal relationship

with mangrove extent, or have been rigorously tested — Manson et al.,

2005). Such livelihood benefits may include:

e Silviculture. Mangroves are commonly utilized for construction timber
and charcoal (Walters et al., 2008). In Cameroon, communities on the
Wouri estuary depend on mangrove exploitation for wood, timber, fur-
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niture and fuelwood (Figure 4.2(a), (b)), at both the household and
industrial scale (Atheull et al., 2009). The Matang Mangrove Forest
Reserve in Perak, Peninsular Malaysia, covers 40,800 hectares, large
parts of which are sustainably harvested on a 30-year rotation (Ong,
1995). Many felled Rhizophora trunks are converted into charcoal in
the local area (for example, Figure 4.2(b)) and exported to inter-
national markets.

Non-timber forest products. Many non-timber products can be ex-
tracted from mangrove bark, leaves and fruits. Mangroves are an im-
portant source of tannins and dyes (Walters et al., 2008). Mangroves
and associated halophytic plants have been used in traditional medi-
cine in India for centuries (Agoramoorthy et al., 2008). Although non-
timber forest products are of less commercial value than timber and
fuel, non-governmental organizations involved in mangrove restoration
are trying to encourage the harvesting of such products to alleviate the
pressure on wood resources and to provide an alternative income for
local populations (F. Garnier, Planete Urgence, Sumatra, personal com-
munication, 2011).

Fisheries. Mangroves support fisheries by (i) providing habitat for fish
nurseries (Barletta et al., 2010); and (ii) exporting nutrients to offshore
fisheries (Christensen et al., 2008) (Figure 4.2(c)). Mangroves are also
important fishing grounds for artisanal fishers; there are examples from
Mexico, Brazil, Indonesia and the Philippines — in fact from almost
every country where mangroves are present. However, as Barletta et
al. (2010) highlight, much remains unknown about this ecosystem ser-
vice in specific regions, despite this being one of the first services at-
tributed to mangroves. Ronnbick (1999) estimates the global annual
market value of capture fisheries supported by mangroves to be be-
tween US$750 and US$16,750 per hectare. Aburto-Oropeza et al.
(2007) calculate the annual value of fisheries associated with man-
groves in the Gulf of California to be US$37,500 per hectare of man-
grove fringe, more than double Ronnbick’s estimation. However, the
former is a global assessment and the latter a local assessment.
Biodiversity. Mangroves not only are important for the life history of
several fish species but also provide food and shelter to several species
of crabs, sponges, insects and other invertebrates as well as birds, mam-
mals, reptiles and amphibian species (for example, Figure 4.2(d)).
Carbon sequestration. Mangroves have recently been viewed as one of
the tropical ecosystems with the highest potential for carbon sequestra-
tion. They may play a disproportionate role in carbon sequestration,
despite their limited distribution (Donato et al., 2011). At the time of
writing, carbon-rich wetlands such as mangroves and peat swamps are
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being more seriously considered in conservation policies that incentiv-
ize ecosystem protection for carbon benefits, such as REDD+ (Reduc-
ing Emissions from Deforestation and Degradation).

e Sediment trapping/land stabilization. Mangroves play an important role
in sediment binding and shoreline accretion (Gilman et al., 2007;
Krauss et al., 2003; McKee et al., 2007). Sedimentation is enhanced and
re-suspension reduced as a result of water velocity reduction by man-
grove vegetation, and this process is intricately related to vegetation
characteristics such as stem density and plant structure, similar to the
link between vegetation characteristics and hydrodynamic attenuation.
The relationship between sediment trapping/accretion and stem

Figure 4.2 Examples of ecosystem services provided by mangroves

(a) Harvested Rhizophora poles, Pontian, Malaysia; (b) Charcoal kiln, Sumatra,
Indonesia; (c) Tiger prawn, Sumatra, Indonesia; (d) Wild boar in Rhizophora-
dominated mangrove, Pulau Kukup Ramsar site, Malaysia.

Photos: D.A. Friess and A. Wee (National University of Singapore).
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density has been shown for Avicennia (Young and Harvey, 1996) and
for Rhizophora. In the case of the latter, aerial root density of 300
stems per m? has been shown to significantly increase sediment deposi-
tion by more than six times the deposition measured on an adjacent
bare intertidal surface (D.A. Friess, unpublished data). Krauss et al.
(2003) showed during field experiments that the efficiency of sediment
trapping is species specific, with larger Rhizophora aerial roots trap-
ping proportionally more sediment than Avicennia and Bruguiera
pneumatophores. It must be noted, however, that species-specific in-
creases in surficial sediment deposition may be offset by other species-
specific subsurface processes, such as subsidence (Krauss et al., 2003).
The above list gives only a few key examples of the interaction between
humans and mangroves. Many more examples exist and form the basis of
entire programmes dedicated to restoring livelihoods and mangroves.*
Pressures on mangroves worldwide include loss (land filling, land conver-
sion, overexploitation), degradation (owing for example to overexploita-
tion, pollution or coastal squeeze), lack of awareness about their
importance, lack of management capacity or political will (poor territo-
rial planning, poor governance, inefficient management of the natural re-
sources) and population growth (Agoramoorthy et al., 2008; Barletta et
al., 2010; Zhou and Cai, 2010).

Conclusions

With increasing population growth, increasing sea level rise and limited
resource availability over the next century, coastal populations in devel-
oping nations are likely to be ever more vulnerable to natural hazards. It
is important to understand how past events have affected coastal popula-
tions and their livelihoods and the potential impacts of other disturbances
in order to plan for adaptation and disaster risk reduction, regardless of
whether the need for such adaptation or risk management arises from
climate change or from the continued environmental changes occurring
“naturally” in coastal areas.

Considering the many different interests (often conflicting) in coastal
areas, the increasing population and the dynamic physical environment
here create a particular need for integrated approaches to coastal zone
management and vulnerability assessment. It is important not only to
adopt such approaches but to ensure that these approaches are in tune
with each area’s ecological, social and geophysical conditions and dy-
namics, and, most importantly, that they incorporate disaster research and
management into land-use planning.
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Despite the research undertaken on interactions between hydrodyn-
amics and vegetation since the 1990s, and research into mangroves’ role
in disaster reduction during the 2004 Asian tsunami, there is still much to
learn regarding the biophysical performance of mangroves during natural
disturbances and other factors that may reduce the vulnerability of
coastal populations. Although wetlands are effective shoreline buffers
(Gedan et al., 2010), during extreme events mangroves alone cannot fully
protect coastal communities (Kaplan et al., 2009; Lacambra, 2009; Osti et
al., 2009; Venkatachalam et al., 2009). The 2004 tsunami stimulated a
major research effort into the assessment of mangrove buffering capacity
(see, for example, Chapter 2 in this volume). Tsunamis are a low-
frequency disturbance and there are other extreme events, such as hurri-
canes, storm surges and high tides, that are more frequent; emphasis in
future research needs to be placed on the role of mangroves in attenuat-
ing a broader range of physical impacts.

Understanding the interaction between physical processes and the
characteristics of mangroves that could enhance or attenuate wave en-
ergy during a disturbance event is a major challenge. Coastal authorities
promoting bioshields or alternative ways to protect coasts from or adapt
them to environmental changes and disturbances (including sea level rise
as a consequence of climate change) should be aware of the pros and
cons of their use and those factors that may threaten their continued ex-
istence. Detailed local assessments must thus be conducted before em-
barking on mangrove reforestation programmes, bioshield programmes
or hard engineering options. Coastal managers should consider not only
the economic benefits of each option but also the long-term feasibility of
protecting coastal communities and the need to create awareness among
such communities of the risks that they are facing. In addition, these
processes should involve participation by local populations and local
stakeholders in order to promote the inclusion of these initiatives in local
land-use planning strategies.

Considering the many anthropogenic pressures that mangroves face
globally (including the needs of industry and local coastal communities),
it remains a challenge to calculate the amount and characteristics of man-
groves that can sustainably provide multiple ecosystem services, while
improving livelihoods and reducing vulnerability to hazards. In some
areas the pressure for urbanization will be greater than the need for sus-
tainable fisheries, whereas in other locations local authorities may place
greater value on sustainably managing their mangrove resources. It is
crucial that robust information (on variables such as the role of man-
groves in wave attenuation) is available, so that coastal management op-
tions are chosen in full knowledge of the potential consequences of those
actions.
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Notes

1. The International Disaster Database, <http://www.emdat.be/database> (accessed 11 Oc-
tober 2012).

2. Events included in these figures are earthquakes, floods, mass movements, storms,
extreme temperatures, volcanoes and wildfires. Events that have been excluded are epi-
demics and droughts.

3. There is plenty of information on the Internet about the protective role of mangroves.
The documents presented here are those that were widely accessible through academic
search engines and that were written in English.

4. See Conservation International (<http://www.conservation.org/FMG/Articles/Pages/
mangroves_in_aceh_after_the_disaster.aspx>); Wetlands International (<http://www.
wetlands.org/Link Click.aspx?fileticket=jkrE9dNpgpg % 3D&tabid=56>); the World Rain
Forest Movement (<http://www.wrm.org.uy/deforestation/mangroves/book.html>); the
Mangrove Action Project (<http://69.90.183.227/lifeweb/eoi/map % 20concept % 20paper %
20for %20danone %20group.pdf>); Alternatives to Mangrove Destruction for Women’s
Livelihoods in Central Africa (<http://www.afdb.org/en/projects-and-operations/project-
portfolio/project/p-z1-c00-007/>); International Union for Conservation of Nature, Secur-
ing Coastal Livelihoods (<http://www.iucn.org/about/work/programmes/marine/marine_
our_work/livelihoods/>).
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assessments: Lessons from the
Risk and Vulnerability Assessment
Methodology Development Project
(RiVAMP) in Negril, Jamaica

Pascal Peduzzi, Adonis Velegrakis, Marisol Estrella and
Bruno Chatenoux

Introduction

The role of ecosystems in disaster risk reduction has gained international
recognition over the past decade, with mounting evidence to suggest that
robust ecosystems may reduce disaster risks whereas degraded ecosys-
tems may induce or increase risks. For example, vegetation coverage has
been found to reduce susceptibility to landslides (see, for example,
Peduzzi, 2010; Vanacker et al., 2003; Chapter 12 in this volume), and de-
forestation may lead to more frequent/severe drought conditions (Hasler
et al., 2009) and related forest fires (Van der Werf et al., 2008). With re-
gard to coastal ecosystems, these have been long considered as natural
coastal buffers that can reduce the risk of erosion and inundation (for
example, IFRC, 2002; Pethick and Burd, 1993; see also Chapters 3 and 4
in this volume), although their effectiveness has been shown to vary con-
siderably depending on the hydrodynamic or wave regime (see, for exam-
ple, Chatenoux and Peduzzi, 2007; Cochard et al., 2008).

The significance of coastal ecosystems for coastal risk reduction is gain-
ing recognition. Coastal wetlands have the potential to attenuate storm
waves/surges (for example, Feagin et al., 2011; Neumeier and Amos, 2006;
Wamsley et al., 2010); their degradation/loss, which is predicted to be sub-
stantial by the end of the century (for example, McFadden et al., 2007),
may result in an increased risk of storm-induced coastal inundation

The role of ecosystems in disaster risk reduction, Renaud, Sudmeier-Rieux and Estrella (eds),
United Nations University Press, 2013, ISBN 978-92-808-1221-3
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(Loder et al., 2009). Similarly, coral reefs and seagrass meadows have a
significant potential to dissipate wave energy (for example, Fernando et
al., 2008; Paul and Amos, 2011). Moreover, the results of a study on 27
Pacific atolls showed great resilience of coastal ecosystems to mean sea
level rise through ecosystem dynamic response (Webb and Kench, 2010).

However, coastal ecosystems are usually heavily affected by coastal
degradation during high-energy storm events (for example, Knudby et al.,
2010; Lugo-Fernandez and Gravois, 2010; Witt et al., 2011). This degrada-
tion, if frequently repeated and/or augmented by other unfavourable nat-
ural or human-induced changes in environmental conditions (for example,
Roder et al., 2009; Sheppard and Rioja-Nieto, 2005), can result in a sig-
nificant decrease in the coastal protection potential of these ecosystems
(for example, Sheppard et al., 2005). In turn, coastal ecosystem degrada-
tion could increase beach erosion and induce significant losses to coastal
communities in terms of coastal protection and livelihoods (for example,
Wielgus et al., 2010).

There have been relatively few studies related to the dynamic relation-
ship between changing ecosystem conditions and risk' and vulnerability.?
As a consequence, risk assessments often underestimate the potential
role of ecosystems in reducing disaster risks and/or in climate change
adaptation.

Disaster risk management encompasses a wide portfolio of activities
and measures that aim to reduce the exposure and vulnerabilities of
people and assets to natural hazardous events. These include, amongst
others, early warning systems, emergency preparedness, public training
and awareness, and land-use planning. Nevertheless, efforts to reduce
natural hazard impacts should also be based on the best possible risk in-
formation in order to assess potential hazards efficiently, identify vul-
nerabilities that may amplify impacts and losses, and make informed
decisions on how best to reduce and manage disaster risks. This chapter
reflects on the efforts by the United Nations Environment Programme
(UNEP), in collaboration with the Government of Jamaica, to integrate
ecosystem considerations into disaster risk and vulnerability assessments.
It focuses on a pilot study by UNEP’s Risk and Vulnerability Assessment
Methodology Development Project (RiVAMP), which takes into consid-
eration the role of coastal ecosystems in assessing coastal risks and quan-
tifying their coastal protection services.

The Risk and Vulnerability Assessment Methodology
Development Project

Risk assessments of natural hazards require varied information, including
on the hazards, exposure to hazards and underlying vulnerabilities. Cur-
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rent thinking and practice have moved away from a predominantly
hazard-oriented analysis towards more integrated approaches (for ex-
ample, Turner et al., 2003) that take into account the complex interactions be-
tween events and vulnerabilities and consider the physical/environmental,
social, economic, institutional and/or political features of a given commu-
nity that may influence susceptibility to hazards (Peduzzi et al., 2009).
Hence, there has been a greater focus on understanding vulnerability in
the context of disaster risk reduction,® and a paradigm shift appears to
have been taking place over the last few years towards the development
of more holistic concepts of vulnerability (Birkmann, 2006; Thywissen,
2006).

Vulnerability assessments have traditionally focused on social and eco-
nomic indicators or cultural factors (for example, local/traditional atti-
tudes) that might influence risk, with much less emphasis on the
environmental dimensions of vulnerability and/or the effectiveness of
ecosystem services in disaster risk reduction. Conceptual frameworks and
practical guidelines regarding the integration of ecosystem dynamics in
vulnerability assessments have only recently emerged, and still require
further field testing.

RiVAMP was conceived by UNEP as a methodology that considers
the role of ecosystems in the analysis of disaster risk and vulnerability,
utilizing varied scientific and social research methods. RiVAMP aims to
demonstrate the role of ecosystems in disaster risk reduction, including
adaptation to risks related to climate change, and, thus, to enable policy-
makers to make investment and land-use decisions that support im-
proved ecosystem management and, ultimately, sustainable development.
The targeted end-users of RiVAMP are national and local government
decision-makers, especially land-use and spatial development planners,
as well as key actors in natural resource management and disaster
management.

In the present contribution, RIVAMP methodology refers to a pilot
study that was intended for application in the coastal areas of Small
Island Developing States (SIDS), with the main hazard focus on tropical
cyclone effects (for example, coastal storm surges and flooding) as well as
the effects of global climate change (for example, mean sea level rise) in
the context of coastal degradation. The methodology builds on previous
experiences, namely modelling the potential protective role of coastal
ecosystems elsewhere (Chatenoux and Peduzzi, 2007), methodologies
developed for risk assessments in high-altitude areas (Peduzzi et al., 2010)
and studying the role of deforestation in landslide vulnerability (Peduzzi,
2010). RiVAMP’s long-term objective is to develop methodologies that
could be applied in river basins and low-lying coastal plains (which would
include beaches) in order to develop an integrated assessment method
that considers the entire catchment area.
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Negril, Jamaica, as the study area

Jamaica is highly exposed to tropical cyclones, and the government has
prioritized hazard mitigation and climate change adaptation in its Vision
2030 Jamaica: National Development Plan (Government of Jamaica,
2009). At the same time, the country is renowned for its diverse coastal
ecosystems, which support a coastal tourism industry that accounts for a
large portion of total employment (32 per cent) and of the country’s
gross domestic product (36 per cent) (for example, Edwards, 2009). None-
theless, Jamaica’s coastal ecosystems are under pressure from both inter-
nal and external drivers, including tourist and urban development,
agricultural practices and climate change impacts. The Planning Institute
of Jamaica (PIOJ), a national government agency, and the Institute of
Sustainable Development at the University of the West Indies (UWI)
have been direct implementing partners of the study.

The coastal area of Negril, located on the western coast of Jamaica
(Figure 5.1), was chosen by the Government of Jamaica as the study area
for the RiVAMP pilot assessment. In this area there are two beaches,
Long Bay to the south (length of about 7 km) and Bloody Bay (length of
about 2 km) to the north; these are fronted by a narrow (up to 4 km
width) and shallow shelf, exhibiting both fringing and shallow (patch)
coral reefs and seagrass meadows. The two beaches comprise a sand bar-
rier system that fronts the Great Morass, a low-lying back-barrier envir-
onment (elevation <3 metres) that extends approximately 4 km inland
and is underlain, for the most part, by peat of varying thickness (Bjork,
1984). The two beaches are bounded by limestone promontories and
characterized by the presence of low beach ridges — rarely exceeding 2
metres (m) in height — and a lack of a developed backshore dune system
(UWI, 2002).

A two-lane highway has been constructed along the sand barrier, with
Negril Town and numerous tourism establishments built along its sides.
To the south lies West End (or “The Cliffs”), built on the steep limestone
escarpment bordering the southern margin of Long Bay, where the splash
from partially reflected storm waves can reach up to 8 m, often damaging
cliff property (UNEP, 2010).

The coastal sediments consist almost entirely of moderately to poorly
sorted sand (UWI, 2002). The onshore sediments are generally coarser
than those found in the shallow near-shore waters and mostly show me-
dian grain diameters (D50) of between 0.2 and 0.3 mm (SWI, 2007).
Sediments are composed of either bioclastic material or amorphous/
recrystallized grains formed through its geochemical alteration (UWI,
2002). Coral fragments form only a minor fraction of the beach sediments
and the main sediment source appears to be biogenic material generated
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Figure 5.1 Distribution of the coastal ecosystems of Negril, Jamaica, and loca-
tions of the 74 beach profiles used in the study

Sources: Key ecosystem features derived from analysis of a QuickBird high-
resolution satellite image (0.6 m, multispectral) obtained on 16 January 2008;
beach profiles collated from SWI (2007).

Note: The fringing reef is found at about 20-25 metres depth (UNEP, 2010).

Please see page 479 for a colour version of this figure.

in the near-shore seagrass meadows that also include some Halimeda
patches. However, sediment production rates are considered to be low,
not exceeding 5,000 cubic metres per year (m’/yr) (SWI, 2007), and the
changes in the composition of the beach biogenic material observed in
recent decades might indicate a decrease in the spatial coverage of the
seagrass meadows and/or pollution stress (UWI, 2002). It appears that
the supply side of beach sediments is both limited and diminishing, sug-
gesting increased beach vulnerability to erosion (see, for example, Veleg-
rakis et al., 2008).

The area is characterized by a generally moderate hydrodynamic re-
gime. Tidal ranges are small, not exceeding 0.6 m and 0.2 m on springs
and neaps, respectively; tidal currents show a predominant north-east—
south-west orientation, with magnitudes of up to 0.2 metres per second
(m/s) (SWI, 2007). The Negril coast is also affected by meteorological
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and wave-induced currents that can dominate or even reverse the weak
tidal flow. The wind and swell waves impinging onto the Negril beaches
come mainly from the north-west and west, and the beaches may also be
affected by energetic waves and storm surges induced by tropical storms.
Wave modelling (SWI, 2007) has predicted (exceedance probability of 99
per cent) that the 10-year event will be associated with an offshore sig-
nificant wave height of 6.4 m and an increase in the offshore sea level of
up to 0.65 m above the mean sea level (MSL), if combined with high
tides and the projected long-term sea level rise. Offshore significant wave
heights of 9.2 m and (combined) sea levels 0.93 m above the present
MSL are likely (exceedance probability of 63 per cent) for the 50-year
event. In comparison, the coastal sea level increase for the 10-year (re-
turn period) event will be up to 0.6 m, and the 50-year wave event could
increase coastal sea levels in excess of 1.5 m above the MSL in some sec-
tions of the Negril coast (SWI, 2007; UNEP, 2010).

With a permanent population of approximately 3,000, Negril is the
third-largest tourist resort destination in Jamaica, after Ocho Rios and
Montego Bay. Over the last 40 years, despite its status as an Environ-
mental Protection Area and Marine Park, Negril has experienced a rapid
growth in tourism, which has led to accelerated coastal development and
population increase. At the same time, Negril has been experiencing
rapid and significant beach retreat (that is, reduction in beach width), es-
timated to be on average 0.5 m/yr and 1.0 m/yr in Bloody Bay and Long
Bay, respectively, for the period 1968-2006 (SWI, 2007).

Local and expert consultations revealed that beach erosion is attrib-
uted to various factors. In addition to the MSL rise and worsening storms,
these include anthropogenic influences: increasing development coupled
with unsustainable fishing practices and seagrass removal (for the com-
fort of the tourists); the degradation of coral reefs owing to, for example,
the establishment in the area of invasive species (such as the red lionfish
Pterois volitans), which has negatively affected populations of the indige-
nous herbivorous fauna that controlled algae coverage of the coral reefs;
and the partial conversion of the Great Morass into crop land, which has
increased particulate and nutrient concentrations in coastal waters and,
thus, might have placed an additional stress on coastal ecosystems (coral
reefs and seagrasses) (see, for example, SWI, 2007; UNEP, 2010; UWI,
2002).

In this context, it appears that the Negril tourist industry, which largely
depends on the condition of Negril beaches and contributes substan-
tially to the country’s gross domestic product, is under considerable pres-
sure. Therefore, the Government of Jamaica specifically requested UNEP
to examine the problem of beach erosion and the potential mitigating
role of the coastal ecosystems.
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Box 5.1 Main activities of RiIVAMP

1. Scientific assessment to identify the beach erosion drivers, estimate
associated hazards (e.g. storm surge-induced flooding) and assess
the effectiveness of shallow coastal ecosystems (coral reefs and sea-
grasses):

e Remote sensing techniques using satellite imagery and aerial photo-

graphs to construct a coastal bathymetric map as well as to differen-

tiate the key environmental features and ecosystems (coral reefs and
seagrasses) near-shore.

Modelling exposure to 10- and 50-year return period storms, using

GIS analysis, based on a digital elevation model with 6 m resolution

and inundation levels estimated through modelling.

Application of 2-D and 1-D numerical wave modelling to assess beach

morphodynamics and the significance of coral reefs and seagrasses.

Application of statistical and multiple regression analysis to deter-

mine the mitigating role of coral reefs and seagrasses against beach

erosion.

2. Stakeholder consultations to identify the main drivers of ecosystem
degradation, assess awareness of environment and disaster linkages,
and assess the environmental dimensions of vulnerability and expo-
sure to hazards:

¢ National consultations in Kingston, involving a cross-section of gov-
ernment agencies and academe in Kingston.

e Parish-level consultations (Westmoreland and Hanover parishes) in
Negril, involving government agencies, the private sector (hotel and
restaurant sector, engineering consulting firms) and non-governmental
organizations.

e Community consultations in Whitehall and Little Bay.

The RiVAMP methodology

A unique aspect of the RiVAMP methodology is the combination of
coastal science and stakeholder consultation approaches, which allows
the technical analysis to be balanced and qualified by local knowledge/
experience. Box 5.1 summarizes the main activities in pilot testing the
RiVAMP methodology.

Scientific assessment: Data gathering

The scientific assessment, designed and carried out by UNEP/GRID-
Geneva, focused on identification of beach erosion drivers, estimation of
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Table 5.1 Main geo-environmental information used/converted in GIS

Environmental

characteristics Information

Occurrence/extent of Derived from QuickBird satellite image (16 January
coral reefs, seagrass 2008) with 0.6 m resolution — 4 bands (blue,
meadows and sediment green, red and near infra-red)
type (2008 shoreline)

Digital elevation model 6 m resolution (collated)

Near-shore bathymetry 2 m resolution, generated from bathymetric data

(2006) provided by Smith Warner International
1968, 1980, 1991, 2003 and  Collated from aerial photographs and previous field
2006 shorelines observations — corrected for tidal effects
Beach morphology (2006) 74 beach profiles (2006) — collated from SWI (2007)

associated hazards (for example, storm surge-induced inundation) and as-
sessment of the effectiveness of shallow coastal ecosystems (coral reefs
and seagrasses) in providing beach protection. The assessment entailed
the application of remote sensing techniques on satellite imagery and
aerial photographs, Geographic Information System (GIS) mapping and
analysis, and modelling of the buffering effects of coastal ecosystems on
the coastline.

Shoreline (beach) retreat was estimated by revisiting already available
information and analysing newly acquired satellite information (see Table
5.1). The collated information consisted of the historical shorelines in
1968, 1980, 1991, 2003 and 2006 obtained from remotely sensed informa-
tion (for example, aerial photographs and satellite images) and field sur-
veys and a comprehensive set of 74 beach profiles along Bloody Bay and
Long Bay acquired in November 2006 by Smith Warner International
(SWI, 2007). The coastal bathymetric map was constructed using bathy-
metric information obtained by Smith Warner International in 2006 (see
Table 5.1); this information was also used to extend the 74 beach profiles
offshore to a distance of about 3 km from the shoreline. The occurrence
and extent of key environmental features and ecosystems (such as coral
reefs and seagrass meadows) offshore of the Negril shoreline (Figure 5.1)
were obtained from a QuickBird high-resolution satellite image (0.6 m,
multispectral, obtained on 16 January 2008), and the segmentation func-
tions extracted using Definiens software. All this information was then
analysed spatially and integrated using GIS tools.

Scientific assessment: Analysis

In order to evaluate the significance of coastal ecosystems to the beach
morphodynamics of Negril, two different approaches were used. First,
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ecosystem control on the coastal dynamics was studied using both 2-D
and 1-D numerical wave modelling. Secondly, multiple regression analysis
was performed on matrices containing the various environmental charac-
teristics of the Negril coastal environment (beach slopes, extent of front-
ing coral reefs and seagrasses, waves, etc.) and the observed beach retreat
at different (74) beach locations, in order to identify/model crucial
parameters controlling beach erosion.

Numerical modelling

In order to study the near-shore hydrodynamics under different wave
conditions, a 2-D wave propagation model (for example, Vousdoukas et
al., 2009) was used to estimate near-shore wave-induced currents.* It must
be noted that the main purpose of the 2-D modelling was to obtain a
broad picture of the near-shore wave dynamics and not to model in detail
the influence of the coral reefs and seagrass meadows on coastal dynam-
ics; therefore, dissipation effects owing to reef roughness/vegetation and
the seagrass meadows (see, for example, Chen et al., 2007, 2011; Massel
and Gourlay, 2000; Nelson, 1996; Sheppard et al., 2005; Vousdoukas et al.,
2011; Vousdoukas et al., in press) were not included. However, in order to
gain some further insight into the influence of the near-shore coastal eco-
systems on near-shore dynamics, the cross-shore distribution of the wave
energy or bed shear stress (that is, bed wave force per unit area), which
are the principal drivers of beach sediment erosion/transport (Paphitis et
al., 2001), were simulated using the 1-D (one-line) cross-shore model
Sbeach (Larson and Kraus, 1989). In this modelling, seabed-type controls
were included in the simulation of the bed shear stress, according
to Sheppard et al. (2005) for coral reefs and Chen et al. (2007) for
seagrasses.

The offshore bathymetry survey used for model initialization was com-
plemented with the 74 beach profiles obtained at the same time (see
Table 5.1). With regard to model forcing, several experiments were con-
ducted using different offshore wave regimes, such as wind waves, swell
waves and extreme storm conditions.

Finally, in order to assess the range of shoreline retreat (that is, reduc-
tion of beach width) of the Negril beaches under various rates of MSL
rise and storm surges, an ensemble of five beach morphodynamic models
— those of Bruun (1988), Edelman (1972), Larson and Kraus (1989), Dean
(1991) and Leont’yev (1996) — were used (for example, Velegrakis et al.,
2009). Previous experiments (Monioudi, 2011) have shown that, although
the Bruun (1988) and Dean (1991) models are mainly used to predict
beach response to long-term sea level rise and the other models (that is,
Edelman, 1972; Larson and Kraus, 1989; and Leont’yev, 1996) are used in
relation to short-term sea level rise (owing to storm surges, for example),
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there were relatively small differences between the predictions of these
two groups, if used as ensembles; thus, and for the purpose of the
RiVAMP study, the two model groups were combined.

Experiments were carried out for different morphological (beach
slope), hydrodynamic (wave) and sedimentary (grain size) characteristics.
Regarding beach morphology, linear beach profiles were used (beach
slopes of 1/10, 1/15, 1/20, 1/25 and 1/30), because experiments showed rel-
atively small differences (maximum deviation <25 per cent) between
model predictions using natural (non-linear) profiles and predictions
using equivalent linear profiles, particularly at low sea level rise rates
(Figure 5.2). The models were run using varying wave conditions® and 14
sea level rise rates (0.04 to 3.00 m). This approach allows for a broad ap-
plication, because it can provide predictions for a wide range of environ-
mental conditions. If the envelope of the rates of retreat predicted (under
all tested conditions) by the models of the ensemble is used, then the
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Figure 5.2 Comparison between model predictions using natural profiles and pre-
dictions using equivalent linear profiles, under the same wave and sedimentary
conditions

Sources: Model predictions from the Leont’yev (1996) model (see also Monioudi
et al., 2012).

Notes: The “mean” beach profile (first spatial EOF mode) of the 1997 Sandy-
Duck experiment (US Army Corps of Engineers, <http://www.frf.usace.army.mil/
dksrv/sd97dir.html>, accessed 23 October 2012) is used as the natural profile. Of
all the models of the ensemble, the Leont’yev model showed the highest devia-
tion (up to 25 per cent for very high rates of level rise) between model predic-
tions for natural profiles and equivalent linear profiles, i.e. profiles having beach
slopes equal to the mean slopes (at the swash zone) of the natural profiles.
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potential exposure of a large range of beaches where little field informa-
tion may be available can be assessed (see, for example, Velegrakis et al.,
2009). Consequently, although this approach cannot replace morpho-
dynamic modelling on the basis of detailed field information, it can,
nevertheless, be used for a rapid assessment of future beach retreat at
island and/or basin scale (see, for example, Monioudi et al., 2012).

Beach spatial characteristics and storm surge inundation

Although comparison of the historical shorelines can help in assessing
historical changes and beach erosion rates of the Negril beaches, it should
also be noted that such analyses have limitations, owing to: (a) the ab-
sence of validation by simultaneous ground-truthing; (b) tidal effects; and
(c) a lack of information across different seasons and without control for
the effects of the seasonal and/or random erosion and accretion patterns
(see also UNEP, 2010). In order to acquire a more realistic (and conserv-
ative) estimation of beach erosion rates, historical shorelines were trans-
formed using the following procedure. The horizontal displacement of
the shoreline as the result of tidal effects was estimated for the 2006 and
2008 data sets (for which acquiring times are available), on the basis of
the local tidal curves and the 2006 beach profiles, and for the remainder
of the data sets the shorelines (at the 74 profiles) were displaced land-
ward using the maximum horizontal landward displacement that could be
driven by a 0.3 m tidal rise above the MSL.

In order to quantify the role of the different environmental and bathy-
metric features in influencing beach erosion rates, multiple regression
analysis was used to identify parameters that could best explain the ob-
served beach erosion rates and, thus, assess the potential role of the
coastal ecosystems (coral reefs and seagrasses) in beach erosion mitiga-
tion. Hence, rates of beach erosion at the 74 Negril beach profiles (SWI,
2007) were estimated by comparing previous (corrected) shoreline posi-
tions (see above) and the 2008 shoreline position (obtained from the
QuickBird satellite image). Then the cross-shore widths of the shallow
(patch) coral reefs and seagrass meadows (at the 74 extended beach pro-
files) were considered in relation to beach erosion rates and other para-
meters, such as beach slopes and the wave regime.

The assessment also entailed the estimation of exposure to storm surge
inundation owing to tropical cyclones. This was carried out on the basis
of a digital elevation model with 6 m resolution that was provided by
PIOJ and inundation levels estimated through modelling. Using GIS, the
exposure of the population and of assets (infrastructure) was assessed for
different storm return periods (that is, 10-year and 50-year return peri-
ods). It must be noted that population exposure refers mainly to the resi-
dent population, because tourist populations could not be accounted for
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owing to a lack of information regarding hotel room capacities; therefore,
human exposure is likely to be significantly underestimated. In addition,
because future trends of population growth and infrastructure construc-
tion were not available, future (10- and 50-year) exposure is related to
the present population; this may also significantly underestimate poten-
tial exposure to tropical cyclones and associated effects (storm surges
and flooding).

Stakeholder consultations

Stakeholder consultation workshops took place at the national and parish
(subnational) levels and involved national and local government authori-
ties, the private sector (for example, hoteliers, private consulting firms,
restaurant owners), academics and civil society organizations. The work-
shops mainly aimed to (a) raise awareness about the interplay between
environmental conditions and natural hazards, (b) identify drivers of eco-
system degradation and (c) assess perceptions regarding vulnerability
and exposure to hazard impacts. Consultations also took place in two
Negril communities, namely Whitehall (an inland semi-urban community)
and Little Bay (a coastal fishing village).

Focus group discussions took place during the workshops, and their re-
sults were reported in plenary sessions. During the community con-
sultations, additional group exercises involving standard participatory
appraisal techniques were used. These techniques included community
mapping exercises, community transect walks, livelihood calendars and
simple ranking exercises.

In the workshops, relevant ecosystems were identified and prioritized
using a simple ranking method, which provided the participants with the
opportunity to identify and prioritize the three ecosystems they consid-
ered to be the most critical. Participants were then divided into three
groups to discuss each of the prioritized ecosystems. Key ecosystem-
derived benefits (that is, goods and services), as well as the main threats
and causes of ecosystem degradation, were discussed, with the partici-
pants sharing their perceptions on the links between ecosystem degrada-
tion, hazard impacts and disaster vulnerability. The final session in all
workshops involved identification of proposed solutions to manage eco-
system degradation and disaster vulnerability.

The governance issue is considered an important RiVAMP component,
given that the project aims to provide information that may be used in
development planning decisions, which are likely to have policy implica-
tions. In national and parish-level workshops, a preliminary assessment of
environmental governance and its tangible and potential links to disaster
risk reduction and management was carried out. This analysis focused
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Table 5.2 Community-level indicators used in the workshop discussions

Indicator Description

Indicator 1  Ecosystems, their current status, types of services provided and
changes over time

Indicator 2  Identification of services provided by each major type of
ecosystem, particularly protection/mitigation services with regard
to erosion/inundation

Indicator 3  Major causes of ecosystem degradation over time

Indicator 4  Assessment of exposure to hazards (storm surges, floods,
landslides) over time. Evaluation and comparison of the role of
natural triggers (e.g. tropical cyclones) versus human triggers
(e.g. changes in land use) (links to Indicator 3)

Indicator 5  Types of nature-based livelihoods and natural resource
management practices at the household/community level

Indicator 6  Local coping strategies that enable households/communities to
absorb losses and recover from hazard impacts and/or reduce
future risks

Indicator 7 Presence of formal, community-based mechanisms and structures
(e.g. teams or committees) for dealing with potentially damaging
phenomena, risk reduction and natural resource management

mainly on assessing whether or not integrated planning involving envir-
onment, disaster risk reduction and climate change adaptation issues is
taking place. Moreover, the institutional structures and mechanisms in
place to support cross-sectoral integration and the constraints on chal-
lenges to integrated planning were discussed through group exercises, in-
cluding the use of scenarios, institutional self-assessments and institutional
mapping. In community workshops, further analysis was undertaken with
regard to local livelihoods and their linkages with ecosystems and vulner-
ability to hazards. Table 5.2 presents the indicators assessed during com-
munity consultations.

To complement discussions on governance in the national- and parish-
level workshops, efforts were made to understand the community-level
decision-making process (both formal and informal) and mechanisms to
address the risk from disasters and other potentially damaging phenom-
ena. It was also important to understand individual and community cop-
ing strategies that enable people to live with and recover from hazard
impacts, and whether or not these strategies were associated with local
ecosystems.

Finally, community consultations yielded critical information on the ex-
tent of flooding from storm surges, which was not available in public
records. Revealed locations and heights of past flooding events were re-
corded through GPS measurements obtained by the UNEP team and
community representatives during transect walks in Little Bay and in the
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wider Negril area. These measurements, combined with the available
digital elevation model (see Table 5.1), provided further information for
the assessment and helped to validate results in relation to the potential
exposure to flooding.

Results
Key findings of the scientific assessment

The hydrodynamic modelling showed that the shallow coastal (patch)
coral reefs (Figure 5.1) dissipate near-shore wave energy and, thus, have
beach erosion mitigation effects. Several experiments were conducted, us-
ing different offshore wave regimes (including the 10-year and 50-year
extremes). In all cases, the results showed significant effects of the reefs
on wave propagation patterns (see also SWI, 2007) and wave-induced
current fields. The reefs appear to create “shadows” in their lee that are
associated with wave height and energy decreases as well as eddy flows
(Figure 5.3), which may induce offshore beach sediment transport. It
must also be noted that the Negril fringing reef also dissipates wave en-
ergy, with benefits for most of the Negril coast, particularly under high-
energy wave conditions (see Figures 5.1 and 5.3).

The 1-D modelling experiments also demonstrated the sheltering ef-
fects of the shallow reefs. In all examined cases (with different offshore
wave conditions and sea levels), the cross-shore distributions of both
wave heights and wave-induced bed shear stresses (that is, of the force
per bed unit area) were affected by the presence of the reefs. Wave
heights have been shown to decrease substantially (Figure 5.4), owing
mostly to the steep reef geometry. Shear stresses were also shown to be
considerably affected by the presence of the reef (Figure 5.4). Numerical
experiments showed that the changes were mostly due to geometry and
not the differential bed roughness, which had a small impact on the shear
stress distribution. However, it must be noted that, because the reef mor-
phology depends upon its condition, degradation of the reef is likely to
result also in geometry changes (and, probably, bed lowering), which
could then decrease the reef’s beach protection potential (Sheppard et
al., 2005).

Similarly, experiments involving the presence of seagrass along the
extended beach profiles have shown that seagrass can dissipate wave en-
ergy, providing protection to the beach in its lee (see also Peduzzi et al.,
in prep.). The modelling also showed that bed shear stresses are affected
significantly by the presence of seagrasses, with the effects being more
pronounced in the case of denser meadows (Figure 5.5). As previous re-
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Figure 5.3 Numerical model results for (a) wave heights and (b) wave-induced
currents at Negril

Notes: Note the diminishing wave heights behind both the fringing and the shal-
low reefs and the changed flow patterns in the lee of the shallow reefs. Wave
conditions: offshore wave height =2.8 m, wave period T =8.7 s; wave approach
from the north-west.

search has suggested, wave dissipation may be controlled not only by the
extent, shoot density and canopy height of the meadows but also by the
magnitude of the forcing and biomechanical characteristics of the sea-
grasses (see also, for example, Bradley and Houser, 2009; Paul and Amos,
2011). As Negril’s seagrass meadows were found to be quite variable in
their spatial and mechanical characteristics, more work is required in
order to quantify (that is, parameterize) seagrass effects on the Negril
beaches. Nevertheless, the present modelling provides evidence for a sub-
stantial potential for beach protection from seagrasses.

With regard to the assessment of the range of retreat forced by various
rates of sea level rise, the applied models displayed differential behaviour
for almost all the tested conditions. Model results showed significant
ranges (Figure 5.6), since varying initial conditions and forcings (that is,
morphology, sedimentology, hydrodynamics and sea level rise) were used.
Most of the models (with the exception of the Bruun model) appear to
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sidering also neighbouring profiles. A wave friction factor of 0.12 (e.g. Sheppard
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(b) Cross-shore wave height distribution under waves with an offshore wave
height of 1 m and a wave period (7) of 6 s). Note the very significant decrease in
the wave height in the lee of the reef.

Figure 5.4 Numerical model predictions for cross-shore wave height and bed
shear stress distributions in the presence of shallow coral reefs
Note: The numerical model used is the Sbeach model (Larson and Kraus, 1989).

be sensitive to wave conditions, with a positive relationship between
wave height and beach retreat. The effects of the sediment texture, how-
ever, were not always clear, although a weak trend could be discerned
showing a decrease in beach retreat with sediment size (median diame-
ter) increase. The means of the lower and upper limits of all model pre-
dictions were estimated, with the low prediction mean of the ensemble
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(b) Nearshore bed shear stress distribution (2000-3400 m) for offshore waves
with height 1 m and period 6 s. Different wave friction (fw) factors were used for
the sand bed and the dense (fw ~ 0.102) and patchy (fw ~ 0.052) seagrasses, ac-
cording to Chen et al. (2007). Note the very significant increase in the bed shear
stress over the seagrasses, which suggests significant wave energy dissipation. Sea-
bed characteristics: median sediment size (D50), 0.28 mm; for dense seagrasses,
number of shoots = 400/m?, canopy height = 0.20 m and grass diameter = 0.01 m,
and for patchy seagrasses the figures are 200/m?, 0.20 m and 0.01 m, respectively.
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Figure 5.5 Numerical model predictions for cross-shore bed shear stress distribu-
tion in the presence of patchy and dense seagrasses
Note: The numerical model used is the Sbeach model (Larson and Kraus, 1989)

(that is, the best fit of the lowest predictions from all models) given by
§=0.330+7.4a-0.14 (R*=.98) and the high prediction mean by
S =0.740% + 28.9a + 4.9 (R* = .97), where S is the beach retreat and « the
sea level rise (Figure 5.6).
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Figure 5.6 The means of the lower and upper limits of the beach retreats esti-
mated by the ensemble models

Please see page 480 for a colour version of this figure.

Beach retreat predictions on the basis of the models of the ensemble
(Figure 5.6) showed a very significant beach erosion and inundation risk
in Negril. If the beach retreat predictions are compared with current on-
shore beach widths (from the 74 beach profiles), even under the most fa-
vourable projections of long-term sea level rise for 2060 (combined high
tidal level and long-term sea level rise increase of 0.52 m), an extreme
storm surge event (due to the 50-year return storm) may result in mini-
mum beach retreats that exceed the current onshore beach width along
35 per cent of the Negril beaches (on the basis of the 74 beach profiles),
and an additional 50 per cent of the beach may be associated with a loss
of approximately 50 per cent of its present width (UNEP, 2010). These
predictions suggest that long-term sea level rise, if combined with ex-
treme storm surges (and diminished biogenic sand supply and beach pro-
tection owing to coastal ecosystem degradation), will exert a very high
toll on Negril’s beaches and associated economic activities (see also Wiel-
gus et al., 2010).

The results of the analysis of the historical shorelines (anchored on the
74 beach profiles — see Figure 5.1 and Table 5.1) confirmed that the Negril
beaches have been under severe erosion in the last 40 years, with some
sites experiencing shoreline retreats of more than 55 m (Figure 5.7).
These erosion rates are comparable with the beach erosion rates (aver-
age 0.5 m/yr) observed in other Caribbean islands (Anguilla, Barbuda,
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Antigua, St Kitts, Nevis, Montserrat, Dominica and Grenada) during the
last part of the twentieth century (Cambers, 2009).

Erosion has been both temporally and spatially variable, with Bloody
Bay associated with lower erosion rates than Long Bay. Erosion rates
showed a large spatial variability along the Long Bay shoreline (Figure
5.7). The beach sections at either side of the shallow coral reef “shadow”
(see Figure 5.3) showed higher rates of erosion (see also SWI, 2007),
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Figure 5.7 Near-shore bed cover and shoreline changes along Negril’s beaches,
also showing the location of the 74 beach profiles used

Note: Note the decreased rates of erosion at the beach sections fronted by either
the shallow coral reef and/or extensive seagrass meadows.

Please see page 481 for a colour version of this figure.
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whereas beach sections fronted by coral reefs and/or wide areas with sea-
grass meadows showed generally lower areas of erosion. Erosion rates
appear to have increased during recent years, with the 20062008 rates
being significantly greater than the long-term average (Figure 5.7). Sev-
eral factors may be responsible for the observed trends, for example the
long-term sea level rise, the intensification of extreme events, diminishing
sand production/supply from the seagrass meadows (UWI, 2002), increas-
ing coastal development (UNEP, 2010) and, possibly, coastal ecosystem
degradation.

Scatter plots of the beach erosion rate against the cross-shore widths of
the fronting coral reefs and/or seagrass meadows (at the 74 beach pro-
files) provide further evidence of the mitigating role of these ecosystems
in beach erosion (Figure 5.8). Multiple regression analysis further con-
firmed that both coral reefs and seagrass meadows are the main features
that have a mitigating role in beach erosion (Peduzzi et al., in prep.).

The results of the analysis showed that the presence of coral reefs and
seagrasses can significantly mitigate beach erosion, which is also control-
led by beach slope and wave steepness. Areas with steep profiles and/or
less steep waves result in milder beach erosion.

In conclusion, the observed beach erosion was found to be negatively
correlated with the cross-shore widths of coral reefs and seagrass
meadows. This also suggests that coral reefs and dense seagrasses provide
shelter to the beach sections they front, confirming the findings from the
numerical modelling (see also Sheppard et al., 2005). Therefore, degrada-
tion of the shallow coral reef and seagrass meadows is likely to result in
an increased risk of beach retreat/erosion, particularly if the important
role of seagrasses in biogenic sediment production (SWI, 2007; UNEP,
2010; UWI, 2002) is taken into consideration.

With regard to inundation of the low-l