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Climate change and population growth are degrading coastal ecosystems and
increasing risks to communities and infrastructure. Reliance on seawalls and other
types of hardened shorelines is unsustainable in an era of rising seas, given the
costs to build and maintain these structures and their unintended consequences on
ecosystems. This is especially true for communities that depend on coastal and marine
ecosystems for livelihoods and sustenance. Protecting and restoring coral reefs and
coastal forests can be lower cost, sustainable alternatives for shoreline protection.
However, decision-makers often lack basic information about where and under what
conditions ecosystems reduce risk to coastal hazards and who would benefit. To better
understand where to prioritize ecosystems for coastal protection, we assessed risk
reduction provided by coral reefs, mangroves, and seagrass along the entire coast
of The Bahamas, under current and future climate scenarios. Modeled results show
that the population most exposed to coastal hazards would more than double with
future sea-level rise and more than triple if ecosystems were lost or degraded. We
also found that ecosystem-based risk reduction differs across islands due to variation
in a suite of ecological, physical, and social variables. On some populated islands,
like Grand Bahama and Abaco, habitats provide protection to disproportionately large
numbers of people compared to the rest of the country. Risk reduction provided by
ecosystems is also evident for several sparsely populated, remote coastal communities,
which in some cases, have large elderly populations. The results from our analyses
were critical for engaging policy-makers in discussions about employing natural and
nature-based features for coastal resilience. After hurricanes Joaquin and Matthew hit
The Bahamas in 2016 and 2017, our assessment of coastal risk reduction and the
multiple benefits provided by coastal ecosystems helped pave the way for an innovative
loan from the Inter-American Development Bank to the Government of The Bahamas
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to invest in mangrove restoration for coastal resilience. This work serves as an example
for other regions and investors aiming to use assessments of ecosystem services to
inform financing of natural and nature-based approaches for coastal resilience and
climate adaptation.

Keywords: coastal protection, coastal habitats, coastal hazards, ecosystem services, social vulnerability, sea
level rise, The Bahamas, natural and nature-based features

INTRODUCTION

Coastal areas are hazard prone. An estimated 310 million people
and $11 trillion in GDP are exposed globally to the extent of
a 100-year flood event (Hinkel et al., 2014). Risk is expected
only to increase, due to rising sea levels and other climate-
related threats concurrent with population growth. By 2060, up
to 411 million people could be exposed to a 100-year flood event
(Hallegatte et al., 2013; Wong et al., 2014; Neumann et al., 2015;
Reguero et al., 2015). Thus, building resilient communities is
a shared challenge for the world’s population living along the
coast now and in the future (Adger et al., 2005; McGranahan
et al., 2007; Kron, 2013). To address this challenge, communities
typically engineer barriers along the coast. However, there is
growing understanding that traditional approaches to coastal
protection (e.g., seawalls, bulkheads, etc.) are unsustainable.
Hardened shorelines can be expensive to build and maintain,
and can lead to unintended shoreline erosion, degradation or loss
of habitat, and impacts on communities that depend on healthy
coastal ecosystems for protection, subsistence, and livelihoods
(Burgess et al., 2004; Hillen et al., 2010; Jones et al., 2012; Gittman
et al., 2015; Rangel-Buitrago et al., 2017).

Concerns about hardened shorelines are heightening
interest in alternatives for coastal protection that may be less
environmentally destructive, more cost-effective to maintain
in the long-term, and able to provide valuable co-benefits
such as habitat for fisheries (Cheong et al., 2013; Mycoo and
Donovan, 2017; Reguero et al., 2018b). Coastal habitats like
coral and oyster reefs, seagrass beds, marshes, mangrove, and
coastal forests have the potential to attenuate waves and surge
associated with storms, in some cases mitigating flooding
and coastal erosion (e.g., Danielsen et al., 2005; Alongi, 2008;
Barbier et al., 2008; Das and Vincent, 2009; Zhang et al., 2012;
Arkema et al., 2013; Ferrario et al., 2014; Spalding et al., 2014;
Narayan et al., 2016; Beck et al., 2018; Reguero et al., 2018a,b).
Because conserving or restoring natural habitats does not
preclude alternative actions later, nature-based approaches are
generally seen as potentially no- or low-regret coastal adaptation
options, irrespective of future climate (Cheong et al., 2013;
Nurse et al., 2014). Conservation and in some cases, habitat
restoration, is cheaper than built infrastructure, and has been
found to be highly cost effective (i.e., mangrove restoration vs.
breakwater construction) (Narayan et al., 2016). Furthermore,
coastal ecosystems may adapt to climate change, potentially
making them more effective in the long term compared to hard
infrastructure (Temmerman et al., 2013). These findings are
promising for island nations throughout the Caribbean, with
large highly exposed coastal zones and extensive networks of

ecosystems that provide multiple lines of defense against coastal
hazards (Guannel et al., 2016; Beck et al., 2018). However,
the ability of habitats to provide coastal protection is highly
context dependent, and ecosystems perform differently based
on the conditions (Costanza et al., 2008; Ruckelshaus et al.,
2016; Arkema K. K. et al., 2017). Strengthening hazard resilience
requires a better understanding of where ecosystems are most
important for providing coastal protection, especially given
threats from development (Gittman et al., 2015).

The need to better understand risk from coastal hazards and
bolster shoreline resilience was brought into stark relief following
the devastation from the 2017 Atlantic hurricane season, which
recorded three of the top five costliest hurricanes for this region
in history – Hurricanes Harvey, Maria, and Irma (National
Oceanic and Atmospheric Administration [NOAA] and National
Hurricane Center [NHC], 2018; EM-DAT International Disaster
Database, 2018). Recovery from the 2017 season was especially
protracted in the Caribbean, which highlights costly inequities in
vulnerability and resilience among nations, and underscores the
disproportionate burden that small island developing states will
bear in adapting to climate change (Anthoff et al., 2010; Nurse
et al., 2014; Wong et al., 2014; Mycoo and Donovan, 2017; Beck
et al., 2018). In contrast to the mainland United States where basic
services were restored within days, many residents throughout
the Caribbean were without basic services for months, even up
a year in the case of Hurricane Maria and Puerto Rico (e.g.,
Hincks, 2017; Kishore et al., 2018; Puerto Rico: The Forgotten
Island, 2018; Shultz et al., 2018)1. Loss of life also varied
dramatically, from almost 3,000 deaths on Puerto Rico, a poor
island in the Caribbean, vs. four on the United States mainland
(Ascertainment of the estimated excess mortality from Hurricane
Maria in Puerto Rico, 2018; Pasch et al., 2019).

Variation in impacts from storms and the pace of post-disaster
reconstruction highlights some of the challenges faced by island
nations, including: high exposure to hazards, geographic isolation
and small size, fragile infrastructure grids, and poor home
construction (Ghosal, 2016; Panditharante, 2018; Rodríguez-
Díaz, 2018; Shultz et al., 2018). The ability to respond to and
recover from disasters is often highly variable and attention
is increasingly being paid to social risk factors that make
certain communities especially vulnerable to hazards. There
is general consensus that factors such as age, race/ethnicity,
gender, education and poverty status are quantifiable indicators
for differences in access to resources, power and capacity
that underlie social vulnerability (e.g., Cutter et al., 2003;
Cutter et al., 2009; Peacock et al., 2012; Wamsley et al., 2015;

1http://status.pr/ (Retrieved Febuary 13, 2018).
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Arkema K. K. et al., 2017). However, while a growing number
of studies are beginning to use these demographic metrics
to map risk to vulnerable communities (Boruff et al., 2005;
Thatcher, 2013; Koks et al., 2015), less attention has been
paid to the relationship between vulnerable communities and
coastal ecosystems that may be providing risk reduction
(Arkema K. K. et al., 2017).

To stimulate widespread uptake and implementation of
nature-based coastal protection strategies, decision-makers also
need approaches and tools that can synthesize physical,
demographic and ecological data to identify in a spatially explicit
manner where ecosystems matter to vulnerable communities,
and evaluate alternatives in a timely manner. Benefits from
the protection service provided by coastal habitats have been
measured in a variety of ways. These include employing process-
based predictive modeling using expected damage functions
to assist in cost-benefit analysis for protective interventions
(this approach is used by U.S. Federal Emergency Management
Agency’s HAZUS software) (Barbier, 2015). Other approaches
include measuring protective benefits as capitalized into housing
values using hedonic analysis (Dundas, 2017), asking people
their willingness to pay for protection services using stated
preference surveys (Landry et al., 2011), or using basic regression
analysis as a means of relating the presence of coastal habitats
to reduced flood damage (Danielsen et al., 2005; Costanza
et al., 2008; Das and Vincent, 2009; Boutwell and Westra,
2016). Although all of these approaches can be used for
decision support, they are data intensive, generally relying on
existing data on the physical drivers of storm risk, geospatial
information on exposed people and infrastructure, or extensive
primary data collection. Data requirements notwithstanding,
these approaches may also require significant expertise to run
(i.e., complex wave models may take months to parameterize
by a coastal engineer), which can make it more difficult for
staff in organizations with limited capacity to quickly iterate
scenarios and consider in quantitative terms the competing
goals and preferences of a broad group of stakeholders. What
is needed to inform decisions are transparent, repeatable,
and accessible tools and open-source data for resource-
poor nations to identify where ecosystems matter most for
people (United Nations Office for Disaster Risk Reduction
[UNDRR], 2019).

Here we present the results from a coastal hazard and social
vulnerability analysis for The Bahamas using the InVEST Coastal
Vulnerability model (Sharp et al., 2018), and we discuss how the
results from this analysis were used to inform several planning
efforts to build coastal resilience in the country. Modeling was
focused on addressing three fundamental questions that decision-
makers often consider when implementing nature-based coastal
protection: (1) where are people at risk from coastal hazards in
The Bahamas? (2) how might sea-level rise (SLR) change the
distribution of risk across the country? and (3) where are coastal
and marine ecosystems providing protection currently, and
under future SLR for the most socially vulnerable populations? In
the subsequent sections we first detail the modeling methodology
and data collection. Next we report on risk results at the national
and island scales, highlighting the drivers of risk, the role of

ecosystems in reducing risk, and implications of sea-level rise. We
then explore how these results were used to inform post-disaster
decision-making for Hurricanes Matthew (2016) and Joaquin
(2015), and a 2-year sustainable development planning initiative
for Andros Island led by the Office of the Prime Minister. Our
results illustrate the diversity and versatility of information that
can be provided by a relatively simple approach and tools that
integrate multiple components of vulnerability and resilience for
coastal communities.

MATERIALS AND METHODS

We explored risk to coastal communities in The Bahamas by
combining results from a hazard analysis that considered the role
of ecosystems in reducing impacts from flooding and erosion
with demographic information about vulnerable populations. In
the sections that follow, we introduce the study area and the
theory behind the InVEST Coastal Vulnerability model. We then
describe how data were collected, how model variables were
parameterized, and we introduce scenarios that were tested in
this work. Finally, we discuss how social variables were mapped
and related to the hazard index to understand risk to people and
benefits of coastal ecosystems.

Study Area
Bahamians are highly dependent on the services provided by the
country’s extensive marine and coastal ecosystems which include
(but are not limited to) coral reefs, mangrove forests, coastal
coppice forests (dry broadleaf evergreen forests), Caribbean pine
forests and seagrass beds (Figure 1A). More than three-quarters
of the country’s GDP comes from the tourism sector, and an
estimated quarter of Bahamian households derive some income
from fisheries (Moultrie et al., 2016; CIA World Factbook,
2017; Environmental Resources Management Inc [ERM], 2017).
While not reflected directly in GDP or income, storm protection
from coastal habitats is a critical ecosystem service in The
Bahamas, given the country’s low terrain elevation and location
in a hurricane-prone area. An estimated 15% of the country is
within a 3 m SLR flood zone (based on SRTM 1 Arc Second
Global elevation data), which is the highest flood risk of any
country within the insular Caribbean (The Nature Conservancy,
unpublished). Risk is compounded by the fact that the majority
of the population lives in low elevation coastal zones less than
10 m above sea level, within 5 km of the coastline (Center
for International Earth Science Information Network [CIESIN],
and Columbia University, 2013; United Nations Economic
Commission for Latin America and the Caribbean [UNECLAC],
2014). Furthermore, the Bahamian archipelago is vast, with
700 islands and over 2,400 cays. Nineteen islands support
90% of the population, concentrated on three main islands
in the Northwestern part of the country (New Providence,
Grand Bahama, and Abaco). The remainder of the population is
distributed on three less populated islands (Eleuthera, Andros,
and Exuma) and thirteen sparsely populated islands and cays,
primarily in the Southeastern part of the country (Bahamas
Department of Statistics, 2017; Figure 1B). Many of the sparsely
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FIGURE 1 | (A) Major coastal, nearshore, and marine ecosystems of The Bahamas. (B) Islands of The Bahamas and distribution of the population. The attribution for
the basemap is ESRI (2012).

inhabited islands are remote, and difficult to access for disaster
management, emphasizing the importance of storm damage
mitigation by habitats in reducing costly disaster aid.

Modeling Coastal Hazard
To estimate risk from coastal hazards to people throughout
The Bahamas now and with future SLR, we used the InVEST
Coastal Vulnerability model. The Coastal Vulnerability model
is a decision support tool that uses an index-based approach to
understand the relative risk of communities to coastal hazards
and identifies where habitats have the greatest potential for
providing coastal protection (Arkema et al., 2013; Langridge
et al., 2014; Hopper et al., 2016; Cabral et al., 2017; Sharp
et al., 2018). The model builds on previous, similar indices
that account for biophysical and climatic components governing
exposure to flooding and inundation from coastal hazards
(e.g., Gornitz, 1990; Cooper and McLaughlin, 1998; Hammar-
Klose and Thieler, 2001), by explicitly considering the role of
ecosystems in providing coastal protection and incorporating
information about people, property and other relevant metrics in
the framing of risk.

We assessed risk from coastal hazards to coastal communities
at a 250 m2 spatial resolution along the entire coast of The
Bahamas for several SLR and habitat scenarios. We used the
InVEST Coastal Vulnerability model to compute a hazard index
that ranked the relative exposure of the shoreline to flooding and
erosion based on the following variables: habitat type and extent,
coastal elevation, wave exposure, shoreline type, storm surge
potential, and SLR (see below for a more complete description
of each variable). For each 250 m coastal segment, the variables
listed above were assigned ranks from lowest exposure (rank = 1),
to highest exposure (rank = 5) based on a combination of absolute
and relative rankings of modeled and observed data (Table 1).
The final coastal hazard index was calculated by taking the
geometric mean of the ranked variables (where R = rank, and

all variables given equal weighting). The results are the relative
exposure to flood and erosion hazards for each 250 m coastal
segment compared with all other segments countrywide, across
all scenarios for SLR and habitat (see below).

Hazard Index = (RHabitatsRShorlineTypeRReliefRSLR

RWavesRSurgePotential)
1/6

Following Hammar-Klose and Thieler (2001), we used a
multiplicative model for the exposure index instead of an
additive one because coastal processes and interactions among
components of coastal ecosystems are inherently non-linear
(Barbier et al., 2008; Koch et al., 2009), and because a linear
formulation is susceptible to “eclipsing,” where one variable can
be low but the overall index is not (Ott, 1978; Swamee and Tyagi,
2000). The geometric mean is used as the aggregation function in
a variety of environmental index models and produces intuitive
results because it resolves to the same scale as the inputs.
For example, Landwehr and Deininger (1976) demonstrate its
favorable predictive ability over other formulations in the context
of water quality. Arkema et al. (2013) find strong correlation
between hazard index values derived using this multiplicative
formula and observed data on hazard events and losses for the
coastal United States.

To map hazard we classified the full distribution of values from
the hazard index for all segments and scenarios (ranging from 1
to 5) into three groups. We demarcated areas of highest hazard
(>2.667 = top 50% of the distribution), intermediate hazard
(2.316–2.667 = middle 25–50% of the distribution), and lowest
hazard (<2.316 = lowest 25% of the distribution). In addition,
cutoffs for categorical breakdowns were informed by empirical
observation of currently vulnerable areas in The Bahamas
based on damage reports following recent hurricanes (e.g.,
Caribbean Disaster Emergency Management Agency [CDEMA],
2016a,b,c,d; Pacific Disaster Center [PDC], 2016). In subsequent
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TABLE 1 | Coastal hazard index variables and ranks.

Rank variable Very low
exposure 1

Low 2 Moderate 3 High 4 Very high
exposure 5

Natural habitats Coral reef,
Coppice, Mangrove
(tall)

Mangrove
(short),
Caribbean Pine

Seagrass

Shoreline type Seawall Rock Mud Sand

Relief First quantile Second quantile Third quantile Fourth quantile Fifth quantile

Wave exposure First quantile Second quantile Third quantile Fourth quantile Fifth quantile

Surge potential First quantile Second quantile Third quantile Fourth quantile Fifth quantile

Sea-level
change

0–40 cm 41–80 cm 81–120 cm 121–160 cm 161–200 cm

Variables may be given absolute (e.g., natural habitats, shoreline type, and sea-level change) or relative ranks (e.g., relief, wave exposure, and surge potential). Ranks for
the relief, wave exposure, and surge potential are based on a quantile breakdown (first quantile = 0–20% percentile, etc.) calculated from the full distribution of values
for all 250 m shoreline segments across The Bahamas. Ranks for natural habitats, shoreline type, and sea-level change are assigned by the user (see “Materials and
Methods” for more detail) This was adapted for The Bahamas from Supplementary Table 1 in Arkema et al., 2013, and Table 4.1 in Sharp et al., 2018 and applied using
the InVEST Coastal Vulnerability model.

sections we use the terms highest, intermediate and lowest to
express relative exposure to coastal hazards. We then combine the
exposure results from the coastal hazard index with demographic
data we used to map vulnerable populations to estimate risk
from coastal hazards for coastal communities throughout The
Bahamas. This is described below in subsequent sections on
mapping and quantifying risk to coastal communities.

Data Collection for Hazard Modeling
Model inputs were compiled from globally available,
countrywide, and island-level datasets and included variables for
coastal and nearshore habitats, relief, wave exposure, shoreline
type, and surge potential.

Habitat
We identified five main types of coastal and nearshore habitats
that occur along the coast of The Bahamas that may provide
some degree of coastal protection: coral reefs, seagrass beds,
mangrove forests, coastal coppice forests, and Caribbean pine
forests. The hazard index ranks habitats based on differences in
their morphology and expected ability to provide protection from
erosion and flooding by dissipating wave energy, attenuating
storm surge, or anchoring sediments, for example. In addition,
the index accounts for greater protection provided by co-
occurring habitats (Guannel et al., 2016) and assigns a distance
over which different types of habitats will provide protection for
coastlines (i.e., “protective distance”) (Arkema et al., 2013; Sharp
et al., 2018). The coastal vulnerability model also requires spatial
information (shapefiles) about the type and extent of habitats. In
The Bahamas, we created composite habitat maps from multiple
sources, years, and spatial resolutions and extents in order to
reconcile incongruences across input layers (Table 2).

To map the distribution of coral reefs we used three
sources: (1) the National Coral Reef Institute (NCRI) at Nova
Southeastern University Oceanographic Center dataset which
covers the barrier reef off the East Coast of Andros Island
(The Nature Conservancy [TNC], and The National Coral
Reef Institute [NCRI], 2010), (2) the Millennium Coral Reef
Mapping Project data covering the rest of The Bahamas

(Andréfouët et al., 2006; UNEP-WCMC et al., 2010), and (3)
data from the Marine Spatial Ecology Lab at the University
of Queensland, Australia (Marine Spatial Ecology Lab [MSEL],
2005). Reef were also filtered by depth such that reef deeper
than 20 m were excluded from the analysis. For the expected
wave heights, a depth of 20 m was considered as the threshold
beyond which the wave-bed interaction was negligible. As a
result, it was primarily the reef crest that was included in
the analysis, which is thought to provide the majority of reef
related coastal protection services (Ferrario et al., 2014). Coral
roughness was assumed to be the same across the study area,
which did not account for changes in rugosity due to coral
composition or degradation.

Seagrass coverage was compiled from different datasets, one
for the area around Andros Island (The Nature Conservancy
[TNC], and The National Coral Reef Institute [NCRI], 2010)
and two for the remainder of the county (The Nature
Conservancy [TNC], and The University of South Florida, 2007;
Knowles et al., 2017).

To map the distribution of coastal vegetation including
mangrove forests, coastal coppice forests and Caribbean Pine
forests, we used RapidEye (2009, 5 m) and Landsat 5 and 7
(2005, 30 m) satellite imagery classified by TNC for Andros
Island. We also used forest cover digitized from 1969 British
Admiralty Lands and Survey Department topographic maps for
the remainder of the country. These older maps were manually
updated to capture changes in forest cover in the past 50 years
discernable from satellite imagery. Mangrove forests were then
divided into two categories: (1) tall mangrove and (2) mangrove
swash/swamp (characterized by lower canopy heights and more
open mudflat between plants). Thus, four types of coastal
vegetation were input into the model (Table 1).

All habitat data were converted to Esri shapefiles with linear
units in meters (WGS 1984 UTM Zone 18N projection). As
described above, country-wide habitat maps combined the best
available data, which varied in age and resolution (Moss and
Moultrie, 2014; Knowles et al., 2017). Attempts made to update
older datasets are described above, and the model can be
reapplied as additional and more accurate data become available.
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TABLE 2 | Data sources for Coastal Vulnerability model inputs.

Model input Year Extent Resolution Source

Natural habitats Coral Reef 2010 Andros Island 5 m The Nature Conservancy and National Coral Reef Institute at
Nova Southeastern University dataset

2010 Global 30 m Millennium Coral Reef Mapping Project (Landsat 7)

2005 The Bahamas 30 m Landsat imagery classified by the Marine Spatial Ecology Lab at
the University of Queensland, Australia

Seagrass 2010 Andros Island 5 m The Nature Conservancy and National Coral Reef Institute at
Nova Southeastern University dataset

2007 The Bahamas 30 m Landsat 7 imagery classified by The Nature Conservancy and
the University of South Florida

Mangrove,
Coppice,
Caribbean Pine

2009 Andros Island 5 m Rapideye imagery classified by The Nature Conservancy

2005 Andros Island 30 m Landsat 5 and 7 imagery classified by The Nature Conservancy

1969 The Bahamas 1:50,000 British Admiralty Lands and Survey Department topographic
maps

Relief Digital elevation
model (30 m)

2014 Global 30 m Shuttle Radar Topography Mission

2004 Global 1 km World Resource Institute

Variable The Bahamas Variable Nautical charts: National Oceanographic and Atmospheric
Administration, NAVCHARTS, etc.

Wave exposure 2005–2010 Global 50 km National Oceanographic and Atmospheric Administration
WaveWatch III

Shoreline type Coastal
geomorphology

1970, 2000, varies The Bahamas Vector Digitized from the Department of Lands and Surveys
Topographic Maps (1970) and Landsat 7 (2000) by The Nature
Conservancy and digitized from aerial imagery (various years)
by The Natural Capital Project

Surge potential Continental shelf 2005 Global Vector Continental Margins Ecosystem (COMARGE) effort in
conjunction with the Census of Marine Life

Habitat Ranks and Protective Distances
Each habitat type was assigned a rank based on differences
in morphology and expected ability to prevent erosion and
attenuate waves and storm surge. A rank of “1” offers the
greatest protection, “4” the least, and “5” designates no protection
afforded by habitat. We did not include any process-based
reduction or attenuation function of waves or surge in the habitat
ranking system. Habitat ranks are presented in Table 1 and
are based on expert judgment and the peer-reviewed literature
(e.g., reviewed in Shepard et al., 2011; Arkema et al., 2013;
Spalding et al., 2014; Narayan et al., 2016). A habitat-specific
“protective distance” was also defined to indicate the extent of
coastline likely receiving protection from a given habitat type.
These distances are essentially a technical shortcut, rather than
an ecological or hydrodynamic parameter. They allow us to
designate which coastline segments are protected by patches of
habitats located at different distances from the grid cells, given
that the model does not take into account the numerous factors
(depth, channel configuration, distance from the coast, etc.) that
could influence the distance over which effects of these habitats
may be prominent (Arkema et al., 2013; Sharp et al., 2018).

Lastly, we included in the index the protection provided
to coastal segments by more than one habitat type (Guannel
et al., 2016). For example, some shorelines may have only
coral reefs, while other areas are fringed by mangroves and
seagrass, as well as corals. The ranks have been assigned in such
a way that multiple co-occurring high-ranking habitats (e.g.,

seagrass and short mangrove) perform better than either one
alone, but do not perform as well as a lone low-ranking habitat
such as coral reef (Sharp et al., 2018). Our ranking approach
is a first attempt to incorporate the role of multiple habitats
in reducing coastal vulnerability over such a large geographic
scale and is flexible enough to be refined as future research in
this field emerges.

Relief
Coastal elevation (i.e., relief) is an important indicator for
potential inundation during storm events. To calculate a relief
rank, we created a seamless topo-bathy Digital Elevation Model
(DEM) from three datasets of varying spatial and temporal
resolutions: (1) 30 m globally available SRTM version 3
topography data (NASA LP DAAC, 2014), (2) 1 km bathymetry
for The Bahamas from the World Resource Institute (World
Resources Institute [WRI], 2004), and (3) digitized nautical
chart soundings at different scales from across The Bahamas
(NOAA, NAVCHARTS, etc.). For each shoreline segment,
elevation (i.e., relief) was averaged within a 2,000 m averaging
radius and assigned a relative rank of 1–5 based on the
full distribution of values (the model uses percentile breaks
20, 40, 60, and 80 to categorize the distribution by default).
The neighborhood mean was selected to capture significant
changes in elevation along the shoreline without being influenced
by inaccuracies in relatively coarse topographic data inputs
(DEM) (Table 2).
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Wave Exposure
Waves are an important factor influencing the erosion and
flooding of shorelines. The wave exposure was estimated from the
average power of the 10% largest waves (in height) encountered
in each of the 16 cardinal directions from a given shoreline
segment (Sharp et al., 2018). Wave heights were in turn extracted
from a globally available dataset; the National Oceanographic
and Atmospheric Administration (NOAA) WAVEWATCH III
hindcast re-analysis results for an 8-year period (2005–2013)
(Tolman, 2009). Wave exposure is calculated differently by the
model for oceanic and locally wind-generated waves, as sheltered
coastline segments are exposed only to local waves. The final
relative ranks of 1–5 are assigned based on the full distribution of
wave power values observed in The Bahamas. For example, those
shoreline segments with wave power values falling in the 0–20th
percentiles (i.e., first quantile) of values relative to all shoreline
segments in the country were assigned a rank of “1,” and those
with values in the 81–100th percentiles (i.e., fifth quantile) were
assigned a rank of “5” (Table 1).

Shoreline Type
Shoreline type describes the composition of the shoreline, which
influences susceptibility to erosion. Because the model is a
relative ranking model, we sought to capture the dominant
shoreline types and highlight differences in their relative
susceptibility to erosion. Several datasets were combined to
produce a country-wide shoreline type layer. Sandy beaches and
rocky shores were digitized by The Nature Conservancy from
Department of Lands and Survey Topographic maps (1970)
and Landsat 7 imagery (2000) (Knowles et al., 2017). Using
the map of mangrove distribution described above, we assumed
muddy shorelines where mangrove was dominant. Lastly, we
used high-resolution satellite imagery (Google Earth, Microsoft
Bing) to fill gaps in the country-wide shoreline type map.
Three naturally occurring shoreline types were classified for
The Bahamas: sandy beaches were given a rank “5” muddy
shorelines (“4”), and rocky shorelines (“3”). Seawalls were given
a rank of “2.” Comprehensive data on the location of seawalls
were not available country-wide. Major seawalls detectable
via satellite imagery were included in the model but many
smaller seawalls were not. Furthermore, seawalls often have
an edge effect where erosion is amplified around the edges.
This can be captured by the model, but we chose not to
reflect this in our analysis due to the fact that our seawall
coverage was incomplete.

Storm Surge Potential
To estimate surge potential, we calculated the cross-shore
distance between each segment of coastline and the edge of the
continental shelf. The distance to the shelf is a proxy for storm
surge potential based on the well-known fact that a shallow
bathymetry promotes the “piling up” of water during storm
events, causing the phenomenon of storm surge (Resio and
Westerink, 2008). To calculate this proxy, we used a polygon
representing the edge of the continental shelf that was prepared
by the Continental Margins Ecosystem (COMARGE) effort in
conjunction with the Census of Marine Life. Since storm surge is

a critical driver of exposure to coastal hazards in The Bahamas,
and the above proxy for surge potential may oversimplify the
dynamics of the phenomenon, we also had local experts from the
Departments of Meteorology and other relevant agencies review
the results obtained via this simple approach. Their experiences
with areas significantly affected by previous storms supported
our results. Finally, we compared the relative risk of exposure to
storm surge, as estimated by the proxy discussed above, to values
from the Storm Surge Atlas (Rolle, 1990) available for a portion
of the Northern and Central Bahamas. The relative relationship
of surge potential across the region agreed qualitatively well
between our proxy and the modeling from the Storm Surge Atlas
for this region.

Habitat and Sea-Level Rise Scenarios
Habitat Scenarios
A primary goal of this analysis was to quantify the role that
natural habitats play in reducing risk to people in The Bahamas.
To quantify habitat role, we considered two heuristic scenarios, a
“with habitat” scenario that accounts for the protection provided
by the current distribution of coastal and nearshore habitats
throughout the country, and a “without habitat” scenario where
habitat is assumed to be lost, and no longer provide protection.
The “without habitat” scenario is intended to evaluate where and
to what extent habitats are providing protection to people, and
is not intended to represent an actual reflection of the future. To
represent a “without habitat” scenario in the model, the habitat
rank was changed to “5.”

Sea-Level Rise Scenarios
This analysis involved comparing the relative exposure to coastal
hazards under current sea levels (2015) against two future SLR
scenarios (2040, 2100). We focused primarily on 2040 because
this analysis was conducted in the context of a sustainable
development planning effort for Andros Island and a national
development planning process (Vision 2040) which both had
time horizons of 25 years. No local tide gauge data were available
to produce spatially explicit rates of SLR within the country.
Instead, we looked at the relative change between current and
future scenarios assuming uniform rates of SLR across the
entirety of The Bahamas. We estimated the relative change in
sea-level between timesteps using the projected SLR curve for
the highest RCP scenario (2 m rise by 2100) depicted in Figure
ES 1 of Parris et al. (2012). To do this we divided the net rise
(cm) from the start of the curve (1992) to the end (2100) into
quantiles as follows: 0–40 cm rise corresponded to a rank of
“1,” 41–80 cm “2,” 81–120 cm “3,” 121–160 cm “4,” and 161–
200 cm a rank of “5.” Using the curve, we estimated the net
rise at the current timestep (2015) within the first quantile
(∼10 cm) and assigned a rank of “1.” The projected rise for
2040 (our planning horizon) was ∼40 cm and was assigned
a rank of “2” (Table 1). This is a simple approach to reflect
the increased exposure to coastal hazards anticipated as sea-
levels rise.

While we were primarily concerned with understanding
changes in risk associated with the near-term SLR scenario (2040)
which aligned with the planning process, we also considered a

Frontiers in Marine Science | www.frontiersin.org 7 September 2019 | Volume 6 | Article 556

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00556 September 23, 2019 Time: 16:12 # 8

Silver et al. Advancing Coastal Risk Reduction

longer-term scenario (2100). According to the same approach
we used for the current and 2040 scenarios, the projected net
rise for 2100 was 2.0 m (Parris et al., 2012) and was assigned a
rank of “5.” This represents a more extreme increase in sea-levels
expected over longer timelines (i.e., 2100) to further investigate
the influence of SLR as driver of risk.

Mapping Coastal Communities
To relate hazard to people at risk, first we mapped demographic
variables for the country including total population
(people/500 m2), elderly people (>65 years old) and young
people (<15 years of age) (per 500 m2). We classified young
people as <15 years of age, which is older than the cutoff of <5
generally cited in the social vulnerability literature. We used
the higher age cutoff to capture demographic patterns even in
more sparsely populated parts of the country. Demographic data
collected during the 2010 Bahamian Census at the supervisory
district level, obtained from the Department of Statistics, was
distributed spatially using the globally available Nighttime Lights
Time Series (National Oceanic and Atmospheric Administration
[NOAA], 2011). Light intensity (a proxy for population density)
was extracted from all supervisory districts in The Bahamas from
NOAA’s Nighttime Lights Times Series. For each supervisory
district a “demographic metric per unit of light intensity
(DM/LI)” was calculated by dividing the demographic variables
for that supervisory district by the summed light intensity for
that district. The DM/LI ratio was then multiplied by the entire
nighttime lights raster for that supervisory district to distribute
the demographic variable across the district. This methodology
allows the demographic variables to be mapped at a finer
resolution by using the relative weighting of the light intensity
(Nicholls et al., 2008; Henderson et al., 2011).

Quantifying Risk to People
To assess the vulnerability of people (total population, elderly
and young people) in The Bahamas to coastal hazards, we
analyzed the overlap between the coastal segments with the
highest exposure to coastal hazards and the metrics described
above. To do this we estimated the total number of people,
number of elderly and young individuals living within 1 km of
the coast for each 250 m2 shoreline segment from the coastal
hazard index (after Arkema et al., 2013). No estimates of expected
population growth were used in this study, so the values represent
current (2010) population only.

RESULTS

In the sections that follow we start with a review of key findings
at the national-scale and then focus more in depth on island-
scale results. In particular we report on the spatial distribution
of risk, the drivers of risk, and the potential for coastal and
nearshore ecosystems to provide protection to people now and
with future SLR. In the discussion we describe how these
results were used in a number of different decision-making
processes in The Bahamas.

National-Scale
Spatial Distribution of Risk
Modeled results indicate that nearly one fifth of the coastline
and nearly two in ten Bahamians are currently at highest risk of
exposure to coastal hazards (Figures 2A,B). With modeled SLR,
we found that the extent of shoreline most exposed to coastal
hazards would more than double, and the total population would
nearly triple (with more than 10% of the population, >40,000
people, living in highest risk areas) (Figure 2B). Modeled
estimates of population assume a constant 2010 population
as no projections were available for 2040, but given that
population is increasing in The Bahamas these results likely
underestimate future risk.

Coastal Protection Provided by Ecosystems
Coastal and nearshore ecosystems occur along almost the
entire coastline of The Bahamas, often with multiple habitats
fronting sections of shoreline (e.g., coral reef backed by seagrass
and mangrove) (Figure 1A). Our results suggest that if these
habitats are lost, even under current sea-levels, the length of
shoreline highly exposed to hazard throughout the country would
quadruple (Figure 2B). With habitat loss and modeled SLR,
the length of shoreline at highest exposure increases fivefold
(Figure 2B), putting an estimated quarter of the population
at highest risk. These results highlight the important role
ecosystems may be playing in providing coastal protection now
and in the future.

Island-Scale
Distribution and Drivers of Coastal Hazard
We found the most exposed coastline in The Bahamas located
predominantly along the side of islands that sit on extensive
shallow banks, where the potential for significant storm surge
is high (Figures 2A, 3). Notable examples included the north
coast of Grand Bahama and west coast of Abaco, which sit
on the Little Bahamas Bank, the west coast of Andros Island,
located on the Great Bahama Bank, and the western coast of
Acklins and Crooked Islands, situated on a large shallow lagoon
called the Bight of Acklins (Figure 2A). Modeled results indicate
that, relative to the rest of the country, these four islands have
the greatest proportion of highest hazard shoreline (Figures 4,
5). New Providence Island, the most densely populated in the
country and the seat of the capitol city Nassau, is the next
most exposed island in The Bahamas, with nearly a tenth
of its total shoreline currently highly exposed. As with the
previous examples, the most exposed areas on New Providence
are primarily along the southern coast of the island where it
is positioned on a shallow tongue of the Great Bahama Bank.
Our modeling suggests that, in addition to surge potential, low
elevations and soft, erodible sediments are key factors driving risk
on islands with large proportions of exposed shoreline (Figure 3).

Shoreline of other islands, such as Great and Little Inagua,
Mayaguana, San Salvador, and the Ragged Island chain, are
relatively less exposed, compared to the rest of the country
(Figures 2A, 4, 5). On these islands, we found that exposure
is mitigated by relatively higher elevations, lower potential for
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FIGURE 2 | (A) Relative exposure to coastal hazards for The Bahamas. Storm surge is a key driver of exposure for The Bahamas and this is reflected in the modeled
results. The greater the distance from land to the edge of the continental shelf (in gray), the greater the potential for exposure to storm surge. (B) Length of highly
exposed coastline and number of people at the highest risk with and without coastal and nearshore habitats, currently and with future SLR. Results are represented
using the same set of bars for both metrics because at the national scale these variables are highly correlated.

exposure to storm surge, and in some cases rocky shorelines
less prone to erosion. In addition, the presence of coastal and
nearshore habitats is vital for protecting these islands. For
example, our results indicate that the relatively low exposure of
San Salvador and Great Inagua Islands is attributable in large part
to attenuation of waves by coastal habitats. If these habitats were
lost, nearly half of the coastline of these islands would be classified
as highest exposure areas (Figure 4).

Coastal Protection Provided by Ecosystems
Modeled results showed that coastal and marine ecosystems are
crucially important for reducing exposure to coastal hazards for
every island in The Bahamas. We found that ecosystems provide
coastal protection for islands where exposure is inherently high
due to other factors (elevation, storm surge potential, etc.), and
are equally important for maintaining low exposure of other
islands. For example, Grand Bahama Island has the greatest
extent of highly exposed shoreline of any island in The Bahamas
(almost half of the island is at highest risk). However, Grand
Bahama also benefits from coastal protection along >300 km
of the island’s coastline by extensive seagrass beds, coral reef,

mangrove, and coastal coppice forests (Figures 4, 6). Our results
suggest that if these habitats are lost, almost the entirety of
Grand Bahama would be highly exposed relative to the rest of the
country (Figure 4). In contrast, the shorelines of Great Inagua
Island are less exposed to coastal hazard, due in part to higher
elevations and lower storm surge potential relative to the rest of
the country. But ecosystems, including a fringing reef encircling
the island and mangrove forests (Figure 1A), are also critical in
protecting the island. We found that, like Grand Bahama, the loss
of habitats would result in a 50% increase in exposure for Great
Inagua Island (Figure 4).

Future Scenario (SLR)
This analysis also highlights the potential for ecosystems to play
a role in mitigating increased exposure to coastal hazard due
to SLR across The Bahamas. While modeled SLR indicates an
increase in exposure to every island in The Bahamas, our results
suggested that the presence of marine and coastal ecosystems
can reduce the extent of highest exposed shoreline significantly
for all islands, by up to two-thirds, island dependent (Figure 4).
For example, the proportion of highly exposed coastline along
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FIGURE 3 | Distribution of ranks for individual variables in the coastal hazard index for each 250 m coastal segment for the islands in The Bahamas with the greatest
proportion of highly exposed coastline. A rank of “1” contributes to lowest exposure, while a rank of “5” contributes to highest exposure. These distributions of ranks
for individual variables in the coastal hazard index reveal key drivers of exposure across the region. For example, wave exposure ranks are distributed relatively
uniformly (from 1 to 5) across each island indicating that this variable may be less critical in influencing differences in exposure among these five islands. However, the
shoreline type and surge potential variables are skewed toward higher ranks, indicating that these are important variables driving the relatively high exposure on
these islands.
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FIGURE 4 | Percentage of highly exposed coastline for each major island in The Bahamas, with and without coastal and marine ecosystems. This is for the current
scenario, not accounting for SLR.

FIGURE 5 | Percentage of highly exposed coastline for each major island in The Bahamas, with and without coastal and marine ecosystems, currently and with
future SLR.

Frontiers in Marine Science | www.frontiersin.org 11 September 2019 | Volume 6 | Article 556

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00556 September 23, 2019 Time: 16:12 # 12

Silver et al. Advancing Coastal Risk Reduction

FIGURE 6 | Coastal and marine ecosystems on Grand Bahama and New Providence Islands (A) provide protection for people who, if those habitats were lost,
would be living along the highest risk shoreline (B). Population within a 1km inland coastal hazard zone is indicated with a dashed line. Bar charts in (C) show the
total number of people and the percentage of the total island population at highest risk in each scenario (with habitat and current sea-levels, without habitat and
current sea-levels, and without habitat and SLR).
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Grand Bahama increases by about a third in the SLR scenario,
and if compounded by habitat loss, almost the entire island
is highly exposed. In contrast, if habitats are kept intact, only
three-quarters of the shoreline is at highly exposed under future
conditions (Figure 5). The difference in exposure with and
without habitats suggests that the presence of habitats can reduce
the potential increases in exposure to hazards associated with SLR
on the island of Grand Bahama by 20% or more (Figure 5). While
these estimates are relative and reflect modeling assumptions and
simplifications, they hold true for all islands in the country (to
varying degrees), and thus suggest a crucial role for habitats in
mitigating future hazards.

When a more extreme SLR scenario was considered (e.g.,
year 2100), we found that the qualitative outcomes remained
the same: risk increases with SLR and loss of habitat, but the
magnitude of risk increases substantially more with greater SLR.
We also found that under a more extreme SLR scenario, the
potential for habitats to provide protection is reduced. Country-
wide, our results suggests that coastal protection provided by
habitats reduces the extent of shoreline (and number of people)
at high risk by over half under the moderate SLR scenario
(2040) (Figure 2B), and by a third in the more extreme SLR
scenario (2100).

Coastal Protection Provided by Ecosystems to
People
We found that coastal ecosystems currently provide protection
for nearly fifteen percent of Bahamians who, if these habitats are
lost, will be at the highest risk of exposure to coastal hazards. For
all the main inhabited islands of The Bahamas, the fraction of the
population at highest risk doubles, and in many cases triples or
increases by an order of magnitude if coastal habitats are lost.

Modeled results suggest that on some islands large numbers
of people benefit from the coastal protection provided by
ecosystems. For example, only an estimated 4% of the population
of Grand Bahama Island is currently living in highest risk areas,
but if habitats are lost near a quarter of the island’s population will
be at highest risk (Figure 6). Similarly, on Exuma Island only an
estimated 2% of the population is currently living in highest risk
areas, but this increases to over one third if habitats are lost. On
other islands, the loss of habitats results in dramatic increases in
risk for an already disproportionately high risk population. For
example, on Abaco Island a quarter of the population currently
lives in highest risk areas, but if ecosystems are lost, nearly
the entire island will be at highest risk. On New Providence
Island, habitats provide protection to some of the most densely
populated shoreline in The Bahamas. Our results indicate that
roughly a tenth of the island’s population is living in an area
that may become highest risk if existing habitats are lost. This
corresponds to an estimated 18,000 people on New Providence
alone that are benefiting from risk reduction provided by coastal
and marine habitats (Figure 6).

Furthermore, our analysis highlights where ecosystems
are providing protection to socially vulnerable populations.
Nationally, roughly one third of the 2010 population in The
Bahamas is under 15 years of age, and almost a tenth is elderly
(>65). The three most populated islands in the country (New

FIGURE 7 | Total population for The Bahamas, as well as elderly and young
populations, were mapped using the Nighttime Lights Series (NOAA) for the
2010 population census.

Providence, Grand Bahama, and Abaco) reflect the national
average (Figure 7). However, the fraction of elderly is double
(or more) on many other islands, and generally increases in
the more remote and sparsely populated southern and central
islands. Acklins/Crooked and Andros Islands have the highest
proportions of both elderly and young people, relative to the
other islands in the country (Figure 7). These islands also
have large extents of highest risk shoreline. And the proportion
of high risk shoreline increases significantly with habitat loss
(Figures 4, 5, 7).

DISCUSSION

The number of studies exploring the coastal protection benefits
of ecosystems has grown tremendously in recent years (e.g.,
Arkema et al., 2013; Ferrario et al., 2014; Spalding et al., 2014;
Narayan et al., 2016; Beck et al., 2018). There are, however,
few examples of where risk reduction provided by habitats
is linked with the socially vulnerable communities that stand
to benefit the most, and even fewer examples of where such
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socio-ecological science has led to on-the-ground investments in
conservation or restoration of ecosystems for risk reduction. In
a world with rising sea-levels, growing coastal populations, and
coastal development threatening coastal ecosystems, innovative
approaches are needed that center nature-based protection in a
broader socio-ecological framework and provide accessible and
transparent tools for decision-makers to explore alternatives.
Here we present a modeling approach that allows for assessment
of where coastal ecosystems matter most for people now and
under future SLR scenarios, and apply it on a timeline to
inform coastal management decisions. Modeled results suggest
that the magnitude of risk reduction provided by habitats
now and under future SLR is substantial. Additionally, our
results highlight specific places where such ecosystem-based risk
reduction is especially important. Thus, maintaining existing
coastal and marine habitat distribution and avoiding future
habitat degradation could be among the most effective public
policy decisions, both for disaster risk management and climate
change adaptation.

The significant contribution ecosystems can have to risk
reduction has been shown in previous studies (Alongi, 2008;
Barbier et al., 2008; Costanza et al., 2008; Zhang et al., 2012;
Arkema et al., 2013; Ferrario et al., 2014; Spalding et al.,
2014; Narayan et al., 2016; Beck et al., 2018; Reguero et al.,
2018b). Similarly, in this study, we estimated that coastal habitats
reduce, by more than half, the extent of shoreline and number
of people at highest risk to coastal hazards in The Bahamas
under a future SLR scenario. However, the ability of habitats
to provide coastal protection depends on their morphological
characteristics, distribution, and condition, as well as the forcing
conditions they are subject to, all of which make it difficult to
generalize where and when natural features will protect people
and property (Costanza et al., 2008; Ruckelshaus et al., 2016;
Arkema K. K. et al., 2017). We advance the findings from previous
studies with methods and approaches to map spatial variation in
risk reduction in order to inform spatial planning and decision-
making. We identify low-lying locations with highly erodible
substrates and multiple habitats as being especially important
places to prioritize for conservation in order to maintain coastal
protection benefits into the future, especially with sea-level rise.
By highlighting the conditions under which ecosystems may be
most crucial for coastal resilience, our study can help support
more widespread understanding and implementation of nature-
based infrastructure in The Bahamas and other countries.

While understanding the physical and ecological factors
that enable ecosystems to reduce impacts from coastal hazards
is important, a central part of quantifying coastal protection
provided by habitats is determining where people stand to benefit
the most. Frequently the coastal protection literature tends to
focus on the biophysical factors that contribute to risk reduction
provided by ecosystems rather than the societal benefits (Arkema
K. K. et al., 2017). The results of this study address this gap
by synthesizing hazard models, climate scenarios, demographic
information and ecological data. Importantly, we identified
those locations where the most socially vulnerable populations
co-occur with ecosystems that reduce risk, such as elderly
populations on remote islands. Age (both elderly and young) is

one of the strongest indicators of social vulnerability to coastal
hazards both in terms of mortality during storm events and post-
disaster recovery, a metric which holds true for resourced and
poor nations alike (Cutter et al., 2003; Boruff et al., 2005; Peacock
et al., 2012; Arkema K. K. et al., 2017). For example, nearly 60% of
the fatalities that occurred in Louisiana during Hurricane Katrina
were among the elderly. And mortality increased with age during
Hurricane Sandy, with over 30% of deaths occurring in people
>65 years of age (Jonkman et al., 2009; Diakakis et al., 2015).

In addition, the population of elderly people tends to be
higher on some remote islands in The Bahamas, as working age
people often move to the capital city for access to more jobs.
Nature-based solutions provide valuable co-benefits such as food
(e.g., fisheries) that may be critical relief in disaster contexts
where communities are entirely dependent on local resources
for subsistence. Building this type of self-sufficiency is a pillar
of disaster risk reduction and sustainable development for island
nations like The Bahamas where many vulnerable communities
remain beyond the reach of rapid assistance after a disaster
(Shultz et al., 2016, 2018). Partly in response to the devastation
associated with recent hurricane seasons, the need to build coastal
resilience is increasingly being recognized as a national priority
for the security of Bahamian communities. As a result, building
capacity and providing guidance around when and where to
implement sustainable coastal protection is an important focus
of ongoing island-scale and national planning efforts (Arkema
and Ruckelshaus, 2017; Arkema K. et al., 2017; Lemay et al., 2017;
Office of the Prime Minister of The Bahamas [OPM], 2017).

Following Hurricanes Joaquin (2015) and Matthew (2016),
which caused hundreds of millions of dollars in damages
across The Bahamas, decision-makers from a variety of agencies
became interested in how our national maps of coastal risk and
ecosystems could help inform their post-disaster reconstruction
and resiliency building efforts. Training in spatial planning
and integrated management approaches were also identified as
priorities (Caribbean Coastal Services LTD [CCS], and SEV
Consulting Group, 2016). In response, we developed an online
interface to easily share the results from this study and to train
non-scientists in the modeling approach and tools2. We then used
these materials in a week-long workshop to engage Bahamians
from diverse sectors, including emergency management, the
department of works, and tourism and statistics, among
others. Representatives from the Ministry of Works found
that the risk assessment could help inform placement of
roads, water mains, electrical lines, and other infrastructure
in a way that would minimize future damage potential. The
National Emergency Management Agency (NEMA) found these
national-scale results could help inform disaster preparedness
efforts in less studied regions of the country (The Tribune,
2016; Environmental Resources Management Inc [ERM], 2017).
Our hazard analysis and custom visualization tool provides
a national-scale dataset for mapping risk throughout The
Bahamas and for supporting the development of comprehensive
and effective science-based policies that reduce risk. Building
capacity among decision-makers to engage directly with the

2http://marineapps.naturalcapitalproject.org/bahamas/
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inputs and outputs of models is a crucial step toward trust
and ownership of results that has been found to be essential
for their uptake (Clark et al., 2011; Ruckelshaus et al., 2013;
Clark et al., 2016).

In a parallel effort, the Government of The Bahamas
and the Inter-American Development Bank (IDB) used the
results from the coastal hazard analysis to help inform the
development of a Climate-Resilient Coastal Management and
Infrastructure Program. The program, financed by a United
States $35 million loan from the IDB, is funding pilot projects
on several islands (Lemay et al., 2017), including on the island
of Andros where mangrove restoration will be evaluated as a
natural coastal protection strategy. At the time of the loan, the
authors of this study had been working on Andros for several
years to design a sustainable development plan (Arkema and
Ruckelshaus, 2017; Office of the Prime Minister of The Bahamas
[OPM], 2017). The outcome of the planning process was a
roadmap communicating stakeholder desires for investments
in infrastructure that would draw on and leverage the island’s
wealth of natural resources (Office of the Prime Minister of
The Bahamas [OPM], 2017), such as the natural-based coastal
protection to be financed by the IDB loan. To inform the
loan, we used the hazard index as a screening tool to identify
high risk, populated areas where mangrove restoration had
the potential to provide a cost-effective natural approach to
coastal protection (Arkema K. et al., 2017). This was followed
by physics-based wave modeling (Roelvink et al., 2010) to
quantify the extent of mangrove needed to attenuate waves
under different storm conditions and to inform approximate
project costs (Arkema K. et al., 2017). Using multiple models
to address management questions at different scales, we were
able to understand where and under what conditions ecosystems
were most appropriate while responding to the short timeline
required for the project feasibility assessment. Thus, this study
is a promising example for other communities and countries
of how application of relatively simple models that link social,
ecological, and physical science can be used to inform on-
the-ground implementation of investments in ecosystem-based
projects for coastal risk reduction.

A third outcome of this study was an opportunity to
strengthen the knowledge base of local communities about risks
from coastal hazards, climate adaptation, and natural solutions.
For example, the settlement of Lowe Sound located at the
northern tip of Andros was devastated by the 4.5 m storm surge
of Hurricane Matthew. Many years ago when a coastal road was
put in, all the mangroves were cleared and a small, approximately
0.6 m seawall was put in to stabilize the shoreline in place
of the vegetation. Lowe Sound was identified in the results
from our hazard analysis as one of the most exposed locations
in the entire country, driven by high storm surge potential,
low-lying elevation, and the absence of buffering ecosystems.
Residents were shocked to learn that the shallow bank, which
they had thought provided protection against storms, actually
made them uniquely vulnerable to storm surge. This highlights
the importance of educating people living in high risk areas
with regard to drivers of coastal hazard. It also underscores the
importance of engaging communities in solutions to hazards and

climate change (Clark et al., 2011, 2016; Scyphers et al., 2015),
such as the IDB loan to finance mangrove restoration. Of course
mangrove restoration and conservation, like all nature-based and
traditional coastal protection strategies, have their limitations.
And as storm size increases, habitats may have less influence
on water flow and/or be more likely to be themselves destroyed
by the force of waves and surge. Given this, multiple strategies
are needed. As climate impacts increase, relocation is anticipated
to be part of a comprehensive climate adaptation strategy for
many small island developing states (SIDS) (Nansen Initiative,
2015; Mycoo, 2017). However, few nations have policy guidelines
to govern the process, and most SIDS currently take an ad hoc
approach to relocation without considering exposure of the new
settlement locations (Mycoo, 2017; Thomas and Benjamin, 2018).
Our analysis and approach can help to provide what is missing in
many countries – local geospatial data mapping vulnerability for
identifying high risk areas (Thomas and Benjamin, 2018) and for
engaging communities in developing socially and biophysically
feasible solutions.

The transparency of modeled inputs and outputs, and the
ability to quickly test different climate and development scenarios
make the InVEST Coastal Vulnerability model an effective tool
to engage with stakeholders and communicate with scientists
and non-scientists alike (Arkema et al., 2013; Langridge et al.,
2014; Hopper et al., 2016; Arkema K. K. et al., 2017; Cabral
et al., 2017; Office of the Prime Minister of The Bahamas [OPM],
2017). However, there are also several important limitations with
the approach. For example, using a proxy for surge potential
may oversimplify storm dynamics, especially as they relate
to superstorm-supersurge expectations, which could mishandle
exposure and vulnerability of certain coastal areas. Furthermore,
the dynamics associated with major storms are complex and
can result in unexpected scenarios such as the negative surge
associated with hurricane Irma (Revesz, 2017). The habitat ranks
represent differences in their relative ability to attenuate water
flow, but these are based on literature review and ultimately
lack information about specific mechanisms and robust empirical
validation. The index is most appropriate for understanding
relative differences in risk reduction provided by ecosystems
along the shoreline and requires assumptions about how far
inland exposure to hazards will propagate. We also limited our
exploration of climate impacts to sea-level rise alone when in
fact many more climate variables, including changes in the
intensity and frequency of storms, effects of ocean acidification
and warming on reefs, are likely to influence risk to coastal
hazards. Lastly, many factors have been identified as key drivers
of social vulnerability, such as gender, livelihood, social capital,
and wealth (Cutter et al., 2003; Boruff et al., 2005; Peacock et al.,
2012; Rhiney, 2015; Ghosal, 2016; Arkema K. K. et al., 2017). We
chose to focus on age, in part due to data availability, but care
should be taken when interpreting the results to understand that
this is only one dimension of vulnerability.

While it is important to consider these limitations, several
studies have found good correspondence between areas of high
risk, as estimated by the coastal vulnerability model and empirical
data on impacts from coastal hazards (Arkema et al., 2013;
Cabral et al., 2017). In the United States the states with the most
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at-risk populations as estimated by the model were also those
states with the highest number of fatalities from storms over a
10-year time period (Arkema et al., 2013). In Mozambique, the
most exposed districts tended to experience the greatest damages
and human fatalities over a 30 year period (UNISDR, 2016;
Cabral et al., 2017). And in this study, two of the areas most
impacted by Hurricane Matthew – the southern coast of New
Providence and the northern tip of Andros – are some of the
highest risk locations according to modeled results (Figure 6,
see Lowe Sound in Discussion, Caribbean Disaster Emergency
Management Agency [CDEMA], 2016a,b,c,d; Pacific Disaster
Center [PDC], 2016). These comparisons lend weight to our
results for The Bahamas and in general indicate that the coastal
vulnerability model is a robust, yet methodologically simple
approach which can be applied even in data-scarce areas to help
decision-makers understand where nature-based solutions may
be feasible in their region under different conditions.

CONCLUSION

This study demonstrates an accessible approach and tools to
produce a spatially explicit national-scale assessment of coastal
hazard risk for The Bahamas, and to identify where coastal and
marine habitats provide protection to vulnerable communities,
now and under future SLR. We found that coastal and marine
ecosystems in The Bahamas play a substantial role in protecting
communities from coastal hazards, and will become more
important as sea levels rise. The results were used to support
on-the-ground efforts to build coastal resilience in The Bahamas
and to provide training and build capacity for Bahamians from
key sectors. The modeling approach and assessment we report on
here also has value for international initiatives, especially as new
technologies make coordinated data collection and sharing more
feasible across the globe (United Nations Office for Disaster Risk
Reduction [UNDRR], 2019). Our methods could be useful to UN
member states, which through the Sendai Framework (UNISDR,
2015), aim to reduce disaster risk and losses of lives, livelihoods,
and infrastructure. As another example, our results highlight
approaches for operationalizing the Sustainable Development
Goals through leveraging ecosystems for climate mitigation,
adaptation, and coastal resilience. Importantly, our study serves
as an encouraging example for other regions and countries

seeking to assess and implement nature-based approaches to risk
reduction for vulnerable coastal populations.
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