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ENVIRONMENTAL STUDIES

Hybrid coral reef restoration can be a cost-effective
nature-based solution to provide protection to

vulnerable coastal populations

Curt D. Storlazzi'*, Borja G. Reguero?, Kristen C. Alkins', James B. Shope’t,
Camila Gaido-Lassarre?, T. Shay Viehman®, Michael W. Beck?

Coral reefs can mitigate flood damages by providing protection to tropical coastal communities whose popula-
tions are dense, growing fast, and have predominantly lower-middle income. This study provides the first fine-
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scale, regionally modeled valuations of how flood risk reductions associated with hybrid coral reef restoration
could benefit people, property, and economic activity along Florida and Puerto Rico’s 1005 kilometers of reef-
lined coasts. Restoration of up to 20% of the regions’ coral reefs could provide flood reduction benefits greater
than costs. Reef habitats with the greatest benefits are shallow, nearshore, and fronting low-lying, vulnerable
communities, which are often where reef impacts and loss are the greatest. Minorities, children, the elderly, and
those below the poverty line could receive more than double the hazard risk reduction benefits of the overall
population, demonstrating that reef restoration as a nature-based solution can have positive returns on invest-
ment economically and socially by providing protection to the most vulnerable people.

INTRODUCTION

Coastal flooding and erosion from extreme weather events affect
thousands of vulnerable coastal communities globally; the effects of
coastal hazards are predicted to worsen during this century from
population growth and climate change-driven sea-level rise (1-3).
For example, the United States spends, on average, $500 million per
year mitigating such coastal hazards and billions of dollars recover-
ing following the impacts of tropical cyclones (4). In the US and
globally, there is an urgent need to develop better risk reduction and
adaptation strategies to reduce coastal flooding and associated haz-
ards (2, 5).

Coral reefs substantially reduce coastal flooding by dissipating
up to 97% of incident wave energy (6) and thus provide coastal pro-
tection, including erosion control (7); coral reef-lined tropical
coasts are among the most susceptible to increased flooding because
of climate change and sea-level rise (8). Globally, coral reefs protect
more than 200,000 people living on the coast from flooding annu-
ally (9); these populations are denser, growing faster, and composed
of more people from lower-middle income groups than the global
average (10). The coastal protection benefits provided by corals reefs
(which extend hundreds to thousands of meters in the cross-shore
direction) in the US were assessed using a rigorous, process-based,
high-resolution risk modeling system to quantify their defense ben-
efits along the US (11) at more than 18,100 people and $1.8 billion
(in 2010 US dollars) in averted flood damages to property and eco-
nomic activity per year (12). Because of the hazard risk reduction
provided by existing coral reefs, reef restoration is increasingly be-
ing considered as a hazard mitigation strategy to reduce coastal risk
to, and increase the resiliency of, tropical coastal communities (9).
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Quantitative assessments of where reef restoration can provide
the most risk reduction benefits are lacking. Common objectives of
coral reef restoration are to rebuild habitat and coral populations
that have been lost or damaged because of storms and anthropo-
genic disturbances and to improve resilience to future disturbances
(13-15). Restoration can be focused on coral species (e.g., replant-
ing) or done in combination with structures to restore reef morphol-
ogy. Planting or “ecological” restoration usually involves increasing
the number of living corals on the reef in areas where the solid ben-
thic substrate is available and the vertical structure remains (16, 17).
This is generally achieved through methods such as collecting and
rehabilitating naturally broken coral fragments, propagating coral
colonies, or transplanting living coral colonies (18). Structural resto-
ration generally involves development of hybrid reefs using existing
rocks/dead coral heads or the deployment of constructed metal or
concrete forms. The needs and approaches for combining the resto-
ration of corals and reef structures are similar to those developed
over decades for oyster reef restoration (19), which long ago recog-
nized the need for replacing structures on which these limestone-
secreting organisms could settle and grow.

Structural reef restoration is often required to quickly replace the
lost height and complexity of reef habitats with benefits to coral and
human communities in areas where the reef has been lost owing to
long-term bioerosion of the reef and/or physical damage, as has oc-
curred over large stretches of Pacific and Caribbean reefs (20). These
structures can then either be seeded by natural coral recruitment or
more commonly “outplanted” with corals rescued from elsewhere or
grown in nurseries to facilitate and speed development, which is
sometimes identified as hybrid reef restoration (13). Enhancement
of structural complexity has been shown to be able to increase coral
recruitment by 400 to 600%, emphasizing the importance of en-
hancing structural complexity for the promotion of different func-
tional groups (corals and fish), and is a key element in restoration of
degraded coral reefs (21).

Restoration is increasingly designed to deliver both ecological and
ecosystem service benefits to natural and human communities. These
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efforts are more broadly classed as nature-based solutions, which are
used to protect, manage, or restore ecosystems to address societal
challenges, providing benefits for people and the environment.

From a hydrodynamic perspective, outplanting corals on the ex-
isting seabed (green restoration) is valuable because it increases the
hydrodynamic roughness of the seabed and, if attached on top of
deployed structures (gray-green hybrid restoration), the reef is also
made taller and, thus, the relative water depth is decreased. An in-
crease in hydrodynamic roughness and reduction in water depth
results in reduced wave energy and wave-driven water levels (22, 23)
that, in turn, reduce wave-driven run-up and flooding (24). The po-
tential for reef restoration to reduce wave energy and wave-driven
water levels has led to deployment and numerical modeling (25) of
“gray-green” hybrid reefs to reduce coastal flooding and/or erosion
to protect coastal communities.

The aftermath of Hurricanes Irma and Maria in the Caribbean
spurred interest in nature-based coastal protection in tropical coast-
lines. As part of the recovery and restoration efforts following these
natural disasters, the US federal government began discussing the
possibility of implementing large-scale coral reef restoration in the
areas affected by the hurricanes to help reduce the risk to and in-
crease the resiliency of the areas’ coastal communities. However,
qualifying for postdisaster hazard mitigation funding requires
benefit-to-cost analyses (BCAs) to assess whether the hazard risk
reduction benefits provided by the potential mitigation activity is
equal to or greater than the cost of the recovery activity. Restoration
projects for hazard mitigation would need to abide by the same BCA
criteria, and thus, coral reef restoration would need to be assessed in
those same terms. While it has been applied to traditional measures
such as breakwaters and bulkheads, such a framework has never
been assessed for natural infrastructure alternatives for US federal
hazard risk mitigation funding.

Here, we combined oceanographic, hydrodynamic, ecologic, so-
cial, and economic models to develop the first regional assessment
of the flood risk reduction benefits, in social and economic terms, of
potential reef restoration projects along more than 1005 km of
shorelines of the state of Florida and the Commonwealth of Puerto
Rico, US, at a 10-m” resolution. To do this, we used multidecadal
wave and coastal water-level data; high-resolution bathymetric,
topographic, and benthic habitat data; and physics-based, numeri-
cal hydrodynamic models to resolve the nonlinear wave and coastal
water—level processes and quantify the effect of potential coral reef
restoration on coastal flooding (see Materials and Methods). Water
depths and flood zones were used to determine the people, number
of buildings, and direct and indirect economic impacts, with current
reefs and with theoretically restored reefs. The risk reduction bene-
fits of hybrid restoration projects were calculated as the averted im-
pacts assuming potential restoration that could produce a 1.25-m
increase in reef height and increased hydrodynamic roughness rep-
resenting over 5 m in the cross-shore direction, emplacing a
1-m-high artificial base structure and outplanting new, 0.25-m-high
corals on top of the structure. The results provide (i) a direct quanti-
fication of the benefit-to-cost ratios (BCRs) of restoring reefs using
hybrid methodology at regional scales, (ii) the role of geomorphol-
ogy and coastal community structure on patterns of socioeconomic
risk reduction, and (iii) insights into equity dimensions of nature-
based adaptation investments along the contrasting geographies
and socioeconomics of the state of Florida and the Commonwealth
of Puerto Rico.

Storlazzi et al., Sci. Adv. 11, eadn4004 (2025) 15 January 2025

RESULTS

Coral reefs’ hydrodynamic roughness and height cause increased
friction and wave breaking that prevents coastal flooding from ex-
tending farther inland, as demonstrated for the 100-year storm’s
flood hazard zone with current coral reefs and with potentially re-
stored hybrid reefs (Fig. 1A). The averted impacts to people (Fig.
1B) and combined direct damage to buildings and indirect economic
disruption (Fig. 1C) in the zones protected by the potential restora-
tion were assessed at a 10-m grid resolution. Potential flood mitiga-
tion would occur along most of the study regions. Flooding generally
originates from low points in the coastline, such as depressions in
dunes or stream mouths, and spreads inland along lower areas, often
roads or upstreams and other drainages. In the case of both current
reefs and potentially restored reefs, the area closest to the coast is
flooded; however, the area receiving the most protection from coral
reef restoration is not the beachfront areas, which still flood, but
rather the areas farther inland. As discussed later, this pattern has
important economic and social vulnerability implications.

Geophysical controls on flood risk

There is high spatial heterogeneity in the hazard risk reduction provided
by potential hybrid coral reef restoration (Fig. 1). In many cases, there
are no people and/or infrastructure onshore of the restoration sites or
the people and/or infrastructure are at high elevation, and therefore,
there is no potential socioeconomic risk reduction. However, in places
where coral reef restoration reduced the socioeconomic risk, three pri-
mary geophysical factors control coastal flooding mitigation potential
(characterized here as the greatest reduction in total water levels from
the joint action of storm surge and wave-driven setup and run-up).
First, coral reef restoration is significantly (n = 4023, 7 = 0.185,
P < 0.0001) more effective in reducing flooding potential on narrower
reef complexes than broader ones (Fig. 2A) because much broader reefs
attenuate more wave energy by dissipation across their width; thus, the
relative contribution of a 5-m-wide restoration area on a reef thousands
of meters wide is relatively negligible. Next, restoration projects are sig-
nificantly (n = 4023, # =0.102, P < 0.0001) more effective in reducing
coastal flooding potential when situated closer to shore (Fig. 2B) for
similar reasons as for reef complex width. Last, restorations are signifi-
cantly (n = 4023, ©* = 0.091, P < 0.0001) more effective in reducing
coastal flooding potential when situated at shallower water depths (Fig.
2C), because the effective increase in height (+1.25 m) of the modeled
restorations represents a greater proportion of water depth relative to
shallower waters and thus drives greater depth-induced wave breaking
than at greater water depths. Together, these patterns indicate that coral
reef restorations closer to shore in shallower water depths on narrower
reefs are generally more effective at reducing coastal flooding potential
than deeper ones farther from shore on broader reef complexes.

Coastal flood risk reduction provided by coral

reef restoration

Along 1005 km of shorelines of the state of Florida and the Com-
monwealth of Puerto Rico, potential hybrid coral reef restoration
would cause the 100-year coastal flood zone to decrease by 19.7 km?,
protecting 14,734 persons, $1.006 billion in property, and $797 million
in economic activity (2023 US dollars). This scenario would reduce
the risk to people by 18.6%, property damage by 20.4%, and eco-
nomic disruption by 14.9% less. Across the study area, potential
coral reef restoration would cause the 1-in-100-year flood damages
to occur 20% less frequently.
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Fig. 1. Example maps of modeled coastal flooding in Miami, Florida, during the 100-year storm with current coral reefs and potentially restored coral reefs.
(A) Flood extents with current reefs (red) and restored reefs (green). Thus, the red area denotes the region protected by potential reef restoration. (B) Number of people
protected by reef restoration (colors). (C) Total value, in 2023 US dollars, of building damages and economic disruption adverted by reef restoration (colors). The storm-
induced coastal flooding with restored coral reefs is smaller in area, thus affecting fewer people, buildings, and associated economic activity. USD, US dollars.
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Fig. 2. Influence of coral reef morphology and location of a restoration on flood risk reduction potential, as denoted by total water levels (TWL; storm surge plus
wave setup and run-up) at the coastline. (A) Distance to the 10-m isobath, an indicator of width of the reef complex. (B) Distance of restoration from shore. (C) Depth
of restoration. Yellow lines are statistically significant (P < 0.0001) logarithmic regressions denoting trends in the results. Although there is high variation in flood risk re-
duction potential for coral reef restorations on narrow reef complexes at shallow depths close to shore because of variations in wave processes, the effectiveness of res-
torations drops off markedly with increasing width of the reef complex and depth and distance of the restoration from shore.
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The averted flood impacts were integrated across the 10-, 50-, 100-,
and 500-year storm return intervals to calculate the annual risk reduc-
tion benefits provided by potential coral reef restoration. The expected
annual benefit (EAB), in terms of the annual number of people that
could gain protection because of potential coral reef restoration, is 2249
(4+13.0%) in Florida and 924 (+21.3%) in Puerto Rico (Table 1). The
EAB, in terms of the annual value of buildings that could gain protec-
tion from potential coral reef restoration, is $161 million (+14.2%) in
Florida and $20 million (+24.6%) in Puerto Rico. The EAB, in terms of
the annual value of economic activity that could gain protection
because of reef restoration, is $174 million (+12.2%) in Florida and
$36 million (+22.1%) in Puerto Rico. The total EAB, adding direct
damages and economic activity protected from coastal storm flooding
by potential coral reef restoration, is $335 million in Florida and
$56 million in Puerto Rico. Sectorally, the public would benefit relatively
more (+0.7% public versus +0.2% private) from coral reef restoration
in Florida, whereas the private sector would benefit more (+3.6%
public versus +51.9% private) from restoration in Puerto Rico.

The EABs for people (Fig. 3, A and B) and the total economic value
(Fig. 3, C and D) protected by potential coral reef restorations are
concentrated along specific coastal areas across the regions’ reef-lined
shorelines, generally around low-lying population centers. The
spatial distribution of benefits and the communities most protected
demonstrate important differences between social and economic ben-
efits. The average people and dollars protected per kilometer annually
for the different regions, including undeveloped areas, varied from
0.002 and $182 on Culebra and Vieques, respectively, to 0.057 and
$8834 in the Florida Keys, 0.201 and $12,180 on Puerto Rico, and up to

0.926 and $137,382 on the Florida mainland and adjacent barrier is-
lands (Fig. 3 and Table 1).

At the regional scale (order of approximately hundreds of kilo-
meters), the hazard risk reduction savings provided by coral reef
restoration along Florida and Puerto Rico are >$378 million/year,
but at the local scale (order of ~10 m?), the results demonstrate that
there are numerous individual stretches of reef where restoration
could help reduce future needs in adaptation and hazard mitiga-
tion. The economic value of potential coral reef restoration is the
greatest along high-value, intensively developed, low-lying coastal
areas, such as Miami, Florida, and San Juan, Puerto Rico (Fig. 3,
Cand D).

BCA of coral reef restoration

The costs of restoration in general, and hybrid reef restoration in
particular, are highly variable. Across the Caribbean, there is high
spatial variability in labor and production costs and there is a pau-
city of pilot projects. Now, the core construction costs of reef resto-
ration have been demonstrated (6, 18) to range from $0.5 million/
km to $3 million/km, with a mean cost under $2 million/km.

We used $3 million/km, in 2023 US dollars, as our estimate hy-
brid reef restoration, which we believe is conservative, and below,
we provide a further breakdown of costs and uncertainties. Because
large-scale hybrid reef restoration is rare, maintenance costs are un-
certain. While maintenance is expected to increase costs, it is also
reasonable to expect economies as the scale of projects increases and
practices improve. For example, the costs of outplanting corals
are already decreasing. We base our hybrid cost estimates on more

Table 1. Distribution of Expected Annual Benefit (EAB), in terms of the annual number of people, buildings, economic activity, or total value of gained
protection because of potential coral reef restoration and length of coastline where EAB exceeds specific thresholds.

Location Sublocation Lengthof  Numberof Building dam- Economic Total value Length of coast Length of coast
coast (km) people (-) ages (2023 activity (2023 (2023 USD)  whererestoration where restoration
usD) usD) value >$250,000 value >$3,000,000
present value total value (km)
(km)

Florid Martin 37 $2,238,526 $1,091,418 $3,329,943 D)

o S e G 17’888,6,‘,‘ 6( e

Broward 39 $100,310,7 1(

“F‘I'brid.a.m Miami-Dade 61 $43,593,64”(‘)W $51,831,8é;lw $95,425,564 22(36%) T s
Florida ~ Upperkeys 67 $3,611296  $3867,300  $7,478596  14(1%)  46%)

A e $2,407,644 ‘‘‘‘‘ 5351,702, ‘‘‘‘‘‘‘ $21759,34,; 3(6%) F O s S
Florid. Lower Keys 54 $1,433,63'§ """ $5,751,28; """ $7,184,92'é‘ 6(11%) T
PuertoRico  SanJuan 40 $4,007,860  $11,528794  $15626654  13(33%)  2(5%)
Vega Bai B S $7'039,55,m B el eSO oo su s ovc S

uerto Rico Arecibo 49 $8,957,33

PuertoRlco Aquadilla 69 $5,102,88; """ $8,084,15'4 """ $13,187,041 14(20%) O
PuertoRlco Mayagueuzwm - 69 $1,274,1 19 """ $3,570,81é """ $4,844,93£mem . 10(14%) T oo%
PuertoRlco Ponce 66 $227,132 """" $1,357,93H1 """ $1,585,06§ 11 (17%) T e
PuertoRlco Guayama 64 $664,51i """" $1,254,88§ """ $1,919,40'(‘)H 14%) T oo
PuertoRico  Humacao 54 $135043 $425074 $560,116  2(4%)
Puerto Rico Ceba 75 $1032959  $1106347  $2139306  10(13%)
Puerto Rico 2% §37,643 $43,105 $80,748 0%)
Puerto Rico Vieques 70 o $39270 §51,965 $91,235 0%)
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Fig. 3. Protection provided, per kilometer, from coastal flooding annually by potential coral reef restoration. (A) Total number of people protected in Florida.
(B) Total number of people protected in Puerto Rico. (C) Total value, in 2023 US dollars, protected in Florida. (D) Total value, in 2023 US dollars, protected in Puerto Rico. Note
the nonlinear color bar scales. Although there is high heterogeneity alongshore because of the distribution of housing and infrastructure, in general, there is a greater
number of people potentially protected and greater damage and economic disruption potentially adverted by restored coral reefs in Florida than in Puerto Rico because
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of the lower-lying nature of the coastline that allows for greater inland flooding.

traditional concrete molds while noting that many current projects
are focusing on three-dimensional concrete printing, which is likely
to be substantially more cost efficient.

Presently, concrete base structures such as Reef Balls are $450
per unit (26). On the basis of 1.4-m-wide units at a 1:1 unit spacing,
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that would require six units to cover a 5-m-wide cross-shore and
5-m alongshore expanse, 1200 units/km to cover a 5-m-wide ex-
tent as modeled here, or $0.54 million/km of base structure. As-
suming deployment costs similar to those (27) of 120 to 130% of
structure production costs, that translates to $0.65 million/km
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to $0.70 million/km to deploy hybrid base structures. Recent esti-
mates from Florida as part of National Oceanic and Atmospheric
Administration (NOAA)’s Mission: Iconic Reefs initiative indi-
cate that the cost of restoration per Acropora palmata fragment
is ~$25 (28). At five outplants per unit (one on each side and one
on top) on 1200 units/km, that would be 6000 outplants/km at
$25 per outplant, thus $0.15 million/km to outplant A. palmata
fragments on the deployed hybrid base structures.

Given a $1.39 million deployment cost estimate ($0.54 million/km
for construction, $0.70 million/km for deployment, and $0.15 million/
km to outplant corals) and our $3 million/km estimate used here,
that would leave $1.61 million/km for maintenance costs, which
would allow for multiple outplantings and maintenance of structures.
Thus, we feel that the restoration break-even value of $3 million/
km used in our analyses is conservative, even including mainte-
nance costs to make up for structural repairs and coral mortality
because of thermal stress and/or disease.

Hybrid coral reef restoration projects for flood protection would
be sited to maximize flood mitigation in a given area (13, 25), which
means that the average BCRs per kilometer of coastline (Fig. 4) likely
underestimate the values that would be achieved from a specific res-
toration investment. Many of the 1-km sections have restoration
benefits that exceed $0.25 million/km per year, which results in a
present value benefit of more than $3 million/km over a 30-year in-
vestment lifespan at a 7% discount rate; this discount rate had been
used by the US Army Corps of Engineers and US Federal Emergency
Management Agency (FEMA) for decades, but it has recently been
lowered to 3%, thus making the BCRs presented here conservative.
This 30-year lifespan is conservative for infrastructure projects; for
FEMA, the standard value for the useful life of flood infrastructure
projects is 50 years (29).

If we assume conservatively that restoration will be $3 million/
km, then any projects with a present value greater than $3 million/
km (over a 30-year period at a 7% discount rate) would yield proj-
ects with BCRs >1. We identify projects with BCRs >1 as having a
positive return on investment and as “cost effective”; there are many
cost-effective potential project sites across the reef-lined coasts of
Florida and Puerto Rico. Furthermore, there is new US federal guid-
ance being evaluated that would lower discount rates for nature-
based projects to 3%, which would result in many more restoration
projects with positive returns on investment (30). Although the
flood protection benefits are highly variable and widespread across
these regions, restoration of 35 km (3%) of the regions’ coral reefs is
projected to have BCRs >1 in just 1 year (annual benefits exceeding
the total cost of implementation) and thus could provide an imme-
diate, positive return on investment (Fig. 4, A and B). Furthermore,
restoration of more than 206 km (20%) of coastline would be cost
effective, with BCRs >1 considering a 30-year project life and a 7%
discount rate (31). The results demonstrate high immediate, as well
as long-term, returns.

Distribution of social and economic benefits of

reef restoration

The different geomorphologies, geographies, and social and eco-
nomic patterns drive substantial differences between the absolute
and relative socioeconomic risk reductions provided by potential
coral reef restoration in Florida and Puerto Rico. In general, Florida
is lower lying and has greater concentrations of people with higher
real asset value and average gross domestic product (GDP) near the

Storlazzi et al., Sci. Adv. 11, eadn4004 (2025) 15 January 2025

coast than in Puerto Rico, where the coastal zone is generally at
higher elevation, the people are farther from the coast, and build-
ings have lower economic values. These coastal development pat-
terns result in differences in who could benefit most from coral reef
restoration when comparing absolute and relative changes in risk
reduction to people, buildings, and economic activity (Fig. 5A). The
results indicate that Florida could receive the greatest overall social
and economic benefit in terms of people protected (243%), averted
damages (849%), and economic interruption (467%), whereas Puer-
to Rico would benefit relatively more from coral reef restoration
compared to its current level of risk to people (164%), buildings
(444%), damages (173%), and economic interruption (181%). In
both cases, the sites with the highest BCRs exist off locations of hu-
man populations, which generally are more affected by anthropo-
genic activities (10) and thus are likely candidates for restoration.

Demographics of risk reduction provided by coral

reef restoration

As noted previously, the coastal zone areas receiving the most flood
protection by potential hybrid coral reef restoration are not the
beachfront, areas that often flood, but rather areas farther inland. Our
examination of the effects of these cross-shore variations on the de-
crease in coastal flooding risk because of potential coral reef restoration
for minorities, children (<16 years), the elderly (>65 years), and
those below the poverty line relative to the overall population values
demonstrates that people in all four of these categories would receive
greater protection relative to the overall population (>239, >326,
>261, and >256%, respectively), with most effects double or triple of
the general population (Fig. 5B). This is explained by, as in most places,
the strong gradients that exist in human demographics along the
coast between those living in high-income structures versus those
that live farther inland. These results demonstrate that coral reef res-
toration would provide greater protection from storm-driven coastal
flooding to minorities and vulnerable people, typically at greater risk
to natural disasters.

In comparison with the BCRs in purely economic terms, the re-
sults indicate significant differences in the return of investment for
developed, built-up areas compared to protection of the most vul-
nerable people. However, the demographics of who benefits from
existing coral reefs that serve as natural infrastructure (12) versus
those who could benefit from reef restoration (Fig. 5) are stark and
remain to be considered in risk hazard mitigation decisions.

DISCUSSION

This study represents the first valuation of nature-based coastal pro-
tection scenarios to identify and prioritize potential restoration sites
at regional scales, which is of increasing interest around the globe
(31, 32). The socioeconomic valuations can help identify where to in-
vest into restoration to address economic risks (13), climate justice,
and social equity gaps and additionally can also help connect restora-
tion planning to potential funding mechanisms (33). Comparisons of
potential coastal adaptation benefits provided by the restoration of
coral reefs can guide prioritization of restoration planning and imple-
mentation as a climate adaptation investment. Such assessments of
benefits also provide a benchmark to assess future evaluations of the
effectiveness of coral restorations after implementation as nature-
based solutions to help communities reduce their risk to coastal haz-
ards after implementation. Because most restoration projects do not
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Fig. 4. Benefit-to-Cost Ratios (BCRs) of flood risk reduction of coral reef restoration, per kilometer. BCRs for an immediate return, or average annual benefitin 1 year
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(D) Puerto Rico. Note the nonlinear color bar scales. Although the flood protection benefits of coral reef restoration are highly variable and widespread across these re-

gions, areas projected to have BCRs >1 are therefore cost effective and would provide a positive return on investment.

take a quantitative, spatial perspective on predicting where the great-
est return on investment will be for the diverse outcomes that are de-
sired today, this study thus represents not only a model for coral
ecosystem restoration but also other coastal ecosystems such as
dunes, marshes, mangroves, and oyster reefs. The results shown here
are modeled projections over a regional scale that indicate how and
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where to prioritize restoration within a region. It is recommended
that finer-scale models are implemented to demonstrate how poten-
tial restoration locations at a local scale could influence effectiveness

to meet restoration and coastal protection goals (13).
Overall, the greatest coastal flood hazard risk reductions of hy-

brid coral reef restoration projects occur at shallow depths, close to
70f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
Relative differences in risk reduction (%)
FL>PR FL <PR
1000 800 600 400 200 O 200 400 600 800 1000
Population - totall ) ) ) - | ) ) ) ) )
Buildings - total
Damages - total

: 300
: ‘ 200
100 ¢
Damages - % of total 0

Economic - total
Population - % of total
Buildings - % of total
FL PR FL PR FL PR FL PR FL PR

overall minority <16 years >65years  poverty

400

Decrease in risk relative to
overall population (%)

Economic - % of total

Fig. 5. Differences in coastal flood risk reduction provided by potential coral reef restoration between Florida (FL) and Puerto Rico (PR) for different socioeco-
nomic factors. (A) Difference in absolute and relative change in coastal flooding risk reduction to people, buildings, and economic activity. These results demonstrate that
although Florida would receive the greatest overall hazard risk reduction benefit from potential coral reef restoration in terms of people protected and averted damages
to buildings and economic activity, Puerto Rico would benefit relatively more from potential restoration compared to its current risk from coastal flooding. (B) Percent
decrease in coastal flooding risk relative to the overall population values for different social and economic categories. The categories are children (<16 years), the elderly
(>65 years), minorities, and those below the poverty line. All categories have a greater decrease relative to the overall population, with most double or triple the general
population. These results demonstrate that coral reef restoration would provide disproportionately greater protection to the most vulnerable people typically at greater

risk to natural disasters such as storm-driven coastal flooding.

shore, on relatively narrow reefs fronting low-lying coastlines. These
results provide a first-order screening guide to help assess where
coral reef restoration would provide the ecosystem service of hazard
risk reduction to coastal communities. For example, the coral reef
restoration efforts that are kilometers offshore, such as the fore reefs
of the Florida Keys as part of Mission: Iconic Reefs (34) or Australia’s
Great Barrier Reef (35), will likely not provide substantial hazard risk
reduction services. There are numerous reasons (e.g., biodiversity,
fisheries, tourism, and recreation) to restore coral reefs, but the areas
to restore coral reefs for these ecosystem services may not align with
those for hazard risk reduction (13).

Given the regional scale and the purpose of the analysis, here, we
assume long sections of potential reef restoration. However, it is
possible to deliver coastal protection benefits with much shorter
sections of reefs on the basis of evidence from existing reef projects
and artificial low-crested, submerged breakwaters. Coastal mor-
phology (e.g., embayments and headlands) plays a huge role in proj-
ect design and length, as does the distance to reef habitat offshore
(Fig. 2). On the basis of coastal engineering analyses of detached
breakwaters, the optimal breakwater length for reducing coastal
erosion is, in general, on the order of two-thirds its distance offshore
(36) for the farther offshore, and the shorter it is, the more it would
allow waves from different (non-normal) directions and refraction
around the structure. Current successful examples of hybrid coral
reef restorations that have reduced wave energy and coastal erosion
range from only ~0.1 km off the Marriott on Grand Cayman and
~0.27 km off Maiden Island, Antigua, to ~0.55 km off Carretera
Bayahibe, Dominican Republic (26). Off San Juan, Puerto Rico, the
FEMA-funded reef restoration project (37) will be 5 km long.

Thus, hybrid coral reef restoration/enhancement efforts on the
scales modeled here on the order of hundreds to thousands of me-
ters in length have already been deployed or funded for deploy-
ment, and governments and businesses have invested in completely
artificial breakwater coastal protections over tens to hundreds of
kilometers in Europe and Asia for centuries. With increasing risks
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from coastal development and climate change, the needs for coastal
protection of one form or another will grow over very large sections
of coastline. As the efficiency of development and deployment of
such hybrid restoration reefs lessens with increasing scale (27), the
probability of larger (longer, order of tens of kilometers) deploy-
ments does not seem far off, especially because the costs described
here for hybrid coral reef restoration are half to an order of magni-
tude lower than traditional detached breakwaters (6) used for coast-
al protection while also providing numerous other benefits (e.g.,
fisheries and tourism) not quantified here.

In terms of cross-shore scale, as noted in numerous previous de-
signs (26, 27), a 5-m width in the cross-shore direction can be suf-
ficient to induce wave breaking and thus dissipate enough energy
(on the scale of natural reefs) to reduce flooding and create a hazard
risk reduction benefit sufficient to feed BCAs. For example, a pilot in
the Caribbean included modular units of more than 1 m high and 5m
wide that were specifically designed for erosion control and wave
attenuation (7). However, the numerical model used here is sensitive
to the number of grid elements able to represent effects on the hy-
drodynamics. Therefore, we consider the sensitivity of the model to
include a minimum number of grid cells to represent the effect of
the structure on the hydrodynamics. For a local engineering study,
the resolution of models will be finer and narrower structures may
be considered.

Environmental justice implications

A previous study exploring equity and coastal flooding exposure has
examined the socioeconomics of flood risk and finds that minority
and vulnerable populations are disproportionately exposed to haz-
ards (38). Another study demonstrates that coral reef loss would
disproportionately affect minorities and the most vulnerable (chil-
dren, the elderly, and low-income) people in the US, particularly in
the territories (12). However, these results offer first insight into how
different hazard risk mitigation could prioritize return of invest-
ment by factoring economic BCRs compared to vulnerable people
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protected per dollar spent. On the basis of that previous finding
(12) and because Puerto Rico has almost double the percentage
of minorities [82.9% versus 47.1%, per (38)] but less than half the
GDP per capita [$31,429 versus $63,081, per (39)] than Florida, we
explored whether there are significant socioeconomic differences in
the protection provided by potential coral reef restoration.

Furthermore, results demonstrate that hybrid reef restoration
can provide much greater risk reduction to the private sector in
Puerto Rico than in Florida because of the greater proportion of
minorities with, in general, lower incomes. We also demonstrate
that minorities and the most vulnerable people (children, the elder-
ly, and those below the poverty line) could receive two to three times
more protection from flooding by coral reef restoration relative to
the general population in both the overall more affluent Florida,
likely because of existing spatial trends in coastal flood risk inequi-
ties identified there (38), and Puerto Rico. On the basis of an assess-
ment of population distribution and trends in coral reef-lined areas
(40), the socioeconomic patterns described here are likely to be
similar at a global scale (10). Our results indicate that investments in
coral reef restoration could be a well-targeted help to contribute to
environmental justice and social equity by reducing coastal flood
hazard risk to, and increasing the resiliency of, those underrepre-
sented and often underserved, vulnerable communities both in the
US and around the globe (38).

Implications for risk mitigation strategies

The finding that potential hybrid coral reef restoration could reduce
the 100-year storm’s risk by 20% (Fig. 4) has also especially impor-
tant implications for policy-makers and property owners in coral
reef-lined coastal communities. The impact of the 100-year storm’s
flood zone is a long-standing metric to evaluate the possibility of an
area being flooded (41), guides planning and development deci-
sions, and sets financing and insurance rates in the US. For a prop-
erty in the 100-year flood hazard zone (i.e., 1% chance of flooding in
any given year), the probability of being flooded once in a 30-year
period (a typical mortgage) is 26% (12). Coral reef restoration could
reduce the likelihood of flooding during a 30-year mortgage period
by more than one quarter (27%). This reduction in risk demon-
strates how coral reef restoration can be an effective nature-based
solution to reduce risk to many communities.

Our analyses identify where potential coral reef restoration could
provide particularly high economic flood protection benefits. Coral
reef restoration has been traditionally supported by the compara-
tively limited public and private funding for environmental conser-
vation (38). However, funds for disaster management/recovery are
orders of magnitude larger than funds for habitat conservation and
restoration (42). Valuing coral reefs and their restoration for risk
reduction services can allow increased funding opportunities for
reef managers. For example, to qualify for predisaster hazard mitiga-
tion funding or postdisaster restoration funding, BCAs are often
required to demonstrate that hazard risk reduction benefits are
equal to or greater than the cost of the restoration activity.

A significant shortcoming of these BCAs is that there are little
data on opportunity costs or maintenance costs for coral restoration
projects, which are of a concern with increasing thermally induced
coral bleaching; almost all the projects only report the initial or direct
investment costs (27). The hybrid structures would be composed of
both structural and ecological components, so the assumptions
about the failure of restoration at large scales will still be supported
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by the enhancement of structural features. Also, substantial efforts
are being made to develop corals more resilient to thermal and other
stressors (14-15) and it is assumed those would be part of the out-
planting mix, further reducing replacement costs. Last, we were con-
servative in almost all of the other modeling assumptions and we did
not include other cobenefits such as tourism and recreation, which
can significantly increase the value of restoration project benefits
in BCAs.

These analyses are not meant to demand action everywhere but
rather to prioritize where to act, which is to any management or
conservation prioritization. We identify where to find cost-effective
opportunities and priorities for restoration. All the costs identified
in the review above are very small relative to the investments already
being made to protect coastlines artificially. If there was sufficient
financial support, restoration groups and businesses would rise to
the nursery and planting challenge: Many programs are already out-
planting more than 10,000 corals a year (34, 35) and rapidly increas-
ing in their efficiency, output, and robustness (14-15) of outplanted
corals. As noted previously, if those restorations are close to shore
and in shallow depths, they can reduce coastal flooding risk enough
to meet hazard risk reduction guidelines (29, 30).

Implications for new funding mechanisms for coral

reef restoration

The results presented here show that hybrid coral reef restoration
can be a cost-effective strategy for flood mitigation. Furthermore, it
enables BCAs that would open new financing opportunities not pre-
viously available to reef managers, such as hazard mitigation, disas-
ter recovery, and insurance (43, 44). First, because coral reefs protect
people and state, territorial, and national infrastructure from flood-
ing, national agencies (e.g., FEMA and/or the US Army Corps of
Engineers) could fund reef restoration through such mechanisms as
predisaster hazard mitigation funds such as the $550 billion US
2020 Bipartisan Infrastructure Law. Second, disaster recovery fund-
ing, such as the billions of dollars appropriated by the US for recov-
ery from the 2017 hurricanes (with ~$10 billion specifically for
coastal flood prevention projects against hurricanes), could support
reef restoration for building coastal community resilience. For ex-
ample, the data presented here are being used by FEMA and NOAA
to help identify sites in Puerto Rico where postdisaster recovery
funding could be dedicated to restoring coral reefs to prevent future
coastal flood damages. Last, the insurance industry can support reef
restoration by insuring their coastal protection service, as first pi-
loted in the Mesoamerican Reef (45) and now the state of Hawaii
(46), or through new resilience insurance mechanisms for coral reef
restoration projects (44, 47).

Globally, many coral reef-lined tropical coasts are among the
most susceptible to climate impacts from rising sea levels and in-
creased storm action (8) and are the home to vulnerable, under-
served minority communities (10). In many of these tropical nations
that face national budget limitations for investing in coastal adapta-
tion, coral reef restoration can become a local and more cost-
effective method for coastal flood hazard mitigation than traditional
hard, “gray” infrastructure (6). This is because, unlike levees and
seawalls, whose costs increase nonlinearly with sea-level rise be-
cause the base of the structures must be disproportionally higher to
increase the height of a structure while maintaining structural integ-
rity, coral reefs can grow with rising sea levels to maintain their
coastal protection function without additional future costs. Coastal

90of14



SCIENCE ADVANCES | RESEARCH ARTICLE

communities, especially those with minority and vulnerable popu-
lations, could adapt this methodological approach to assess the cost
effectiveness and possibly fund coral reef restoration on the basis of
risk metrics, which could be combined with other ecosystem service
valuations to better account for their natural capital and infrastruc-
ture as part of their economies (48). In many of these coastlines,
coral reef restoration, as a nature-based solution, could be one cost-
effective strategy to reduce risk, increase resiliency, and adapt to cli-
mate change to achieve environmental justice by addressing social
equity issues.

MATERIALS AND METHODS

General methodology

The goal of the modeling approach was to quantify the flood risk
reduction benefits of potential hybrid coral reef restoration in social
and economic terms, at local scales, and with the greatest spatial
granularity possible to inform local reef and coastal management
decisions. For this, we combined engineering, ecologic, social, and
economic models (49) to provide a quantitative valuation of the
coastal protection benefits of potential coral reef restoration off the
state of Florida and the Commonwealth of Puerto Rico, US.

The analysis is based on a risk quantification valuation frame-
work that considers different storm probabilities and calculates
EABs in social and economic terms (11, 12). We used state-of-the-
art, high-resolution flood modeling and damage calculation based
on data and approaches recommended by FEMA (50, 51). The risk
modeling framework (11, 12) integrated dynamic and hybrid wave
downscaling of more than 61 years of data; extreme sea-level and
storm-wave probability analysis; physics-based reef hydrodynamic
and coastal flood modeling; geospatial analysis; and calculation of
people, buildings, and direct and indirect economic flood damag-
es. The approach determined flood hazard zones and the effect of
restored coral reefs on them. The averted economic and social
consequences were calculated from the differences between flood
zones with and without restoration. The main steps of the method-
ological approach are described below.

Projecting the coastal hazards

Wave data covering the period 1948-2008 were obtained from the
calibrated long-term, hourly hindcast Global Ocean Wave database
(51). The offshore wave data were synthesized into 500 combina-
tions of sea states (wave heights, periods, and directions) that best
represented the range of offshore conditions using a maximum dis-
similarity algorithm (52). The selected sea states were propagated
within 200 m of shore using the physics-based Simulating Waves
Nearshore (SWAN) spectral wave model (53). SWAN is a wave-
averaged spectral action model that can accurately simulate wave
propagation around reef-lined coasts (54-56). Standard SWAN set-
tings (54) were used, but the directional spectrum was refined to 5°
bins to better handle refraction and diffraction in and among is-
lands. We used two levels of dynamically downscaled nested grids to
accurately capture the propagation effects from regional scales (ap-
proximately tens of kilometers) down to management scales (~100 m).
Details of grid, configuration, resolutions, and bathymetry sources
are provided in (57). The propagated shallow-water wave conditions
were extracted at 100-m intervals along the coastline at a water
depth of ~30 m (fore reef) and reconstructed 61-year hourly time
series using radial basis functions (52).
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Ecosystem and flood modeling

The effect of hybrid coral reefs on hydrodynamics was simulated
with a nonlinear wave model previously tested and validated for reef
environments (24) on the basis of cross-shore transects created every
100 m alongshore. The coastal transects were defined using the Dig-
ital Shoreline Analysis System software version 4.3 in ArcGIS ver-
sion 10.3 (58). Transects were cast in both landward and seaward
directions using the smoothed baseline cast method with a 500-m
smoothing distance, perpendicular to a baseline coastline digitized
from US Geological Survey 1:24,000 quadrangle maps and smoothed
in ArcGIS using the polynomial approximation with the exponential
kernel algorithm and a 5000-m smoothing tolerance. Transects var-
ied in absolute length so that each crossed the —30- and +20-m ele-
vation contours. The bathymetric and coral coverage data were
extracted along these shore-normal transects with a 1-m horizontal
grid-cell resolution. The location of nearshore coral reefs and restor-
able hardbottom to site the potential restorations and their relative
coral abundance to fine their hydrodynamic roughness were ob-
tained from benthic habitat maps of coral cover percentage and spa-
tial extent (59, 60).

The hydrodynamic forcing for the hydrodynamic model was cal-
culated for the 10-, 50-, 100-, and 500-year storm return periods by
fitting a general pareto distribution (61) to each hourly significant
wave height at the offshore ends of the shore-normal transects. Ex-
treme water levels, which include the effect of tropical cyclones, with
the same recurrence were taken from the nearest NOAA tidal sta-
tion (62). The hydrodynamic forcing for each return period was
then propagated over each shore-normal transect using the numeri-
cal model XBeach (63, 64). XBeach solves the depth-averaged, non-
linear shallow-water equations and provides water-level variations
up to the scale of infragravity long waves. XBeach has been ad-
vanced and successfully applied in reef environments to accurately
predict the key reef hydrodynamics (22, 24, 64).

The XBeach reef models were run in hydrostatic mode along the
cross-shore transects for each storm return period wave and water-
level condition for 3600 s. The numerical horizontal resolution varied
between 10 m seaward and 1 m landward depending on depth, with
amaximum depth of 30 m on the fore reef to incorporate the relevant
shoaling and wave breaking. The effect of higher bottom hydrody-
namic roughness on incident wave decay was included through the
incident wave friction coeflicient (f,;) and the current and infragrav-
ity wave friction coefficient (cf), as outlined in (65). The frictional
drag provided by corals was parameterized using Chezy’s formula-
tion on the basis of the spatially varying reef configurations defined
in the benthic maps on the basis of a meta-analysis of field, laborato-
ry, and numerical modeling studies (24, 64).

The modeling setting can be considered conservative for run-up
and, thus, coastal flooding because of large swell events based on pre-
vious comparisons (12). A recent study characterized the differences
between the hydrostatic mode and the nonhydrostatic modes of the
XBeach model on reefs and determined good performance for both
models but with the hydrostatic mode underestimating extreme
wave run-up with respect to the nonhydrostatic mode (65). There-
fore, the application of the hydrostatic mode in this study can be con-
sidered conservative but at a fraction of the computation cost (four to
five times lower) of the nonhydrostatic mode. Although the cross-
shore application of the models neglects longshore dynamics that oc-
cur on natural reefs, such as lateral flow; it also provided conservative
estimates for wave run-up and the associated coastal flooding.
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On the basis of input from stakeholders, scientists, and decision-
makers, we developed a generalized restoration scenario that con-
sidered (i) the likelihood of delivering flood reduction benefits, (ii)
existing coral restoration practices, and (iii) permitting factors such
as depth for potential navigational hazards. The restoration repre-
sents placement of 1-m-high solid engineered structures, such as a
Reef Ball (25), with outplanted new, small corals on top of the struc-
ture over a distance of 5 m in the cross-shore direction. This is rep-
resented in the model by a +1.25-m increase in height and 0.45 and
0.13 increases in hydrodynamic roughness for f,, and cf, respectively,
owing to the presence of 50 to 90% coral cover over the 5-m-wide
extent. An algorithm sited this restoration scenario along the entire
length of reef with the following conditions. Restoration lines along
and across shore were sited on continuous mapped coral/hardbottom
habitat of greater than 100 m in alongshore length (spanning two
cross-shore profiles), in proximity to the 3-m depth contour and
with depth constraints of no shallower than 2 m or deeper than 7 m
because of operational considerations.

The same wave and sea-level forcing conditions were propagated
in XBeach using the original model configuration but with modified
shore-normal transects to account for the elevated coral reef height
and friction because of the theoretical restoration. Total water
depths (setup plus run-up) were calculated along each transect at a
resolution of 1 m and extracted to a geospatial format for subse-
quent flood mapping.

Flood damages and benefits

Wave-driven total water level depths and extents were then com-
puted from XBeach model flood points between adjacent shore-
normal transects for the four return intervals to develop flood mask
layers for the total water levels with and without restoration. The
flood masks were derived as the product of a natural neighbor inter-
polation and a distance-weighted multiplier between 0 and 1, calcu-
lated as an exponential function of distance from the flood extent
along each transect. To correct areas of disconnected backshore
pooling, any pixel regions that were discontinuous with the coast-
line were removed. This method, improved from the approach used
in the national valuation in (11, 12), allowed for a more realistic rep-
resentation of flood spatial connectivity between transects while
honoring the known flood extents.

The resulting number of people threatened, number and magni-
tude of building units (by building type) damaged, and the indirect
economic impact were then computed using the flood extents and
depths. The number of people threatened by wave-driven flooding
and their associated demographic attributes were determined from
the US Census Bureau’s TIGER/Line database (66) on the basis of
2010 census data. The buildings and other infrastructure affected
were calculated using FEMA flood exposure data in the HAZUS
database at the census-block level (51, 67). The damage degree for
each building type (residential, commercial, industrial, etc.) was cal-
culated using the damage functions in HAZUS to obtain the per-
centage of damage from the local flood water depths (68). The
economic value of the damage, in dollars, was calculated for each
asset as the building value per unit area multiplied by the damage
degree; the number of flooded buildings was similarly calculated.
Results of people, economic damage, and number of buildings
flooded were computed at a 10-m? resolution within all flood zones.

The total economic impact of wave-driven coastal flooding in-
cluded not only the physical damage to the buildings but also the
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disruption of people and businesses’ incomes and, thus, the contri-
bution to the GDP of housing and commercial/industrial infra-
structure, respectively. The economic activity indirectly protected
was calculated by multiplying the 2010 average contribution to GDP
per person (66) by the number of people living in the land protected
by coral reef restoration. Similarly, the indirect economic impact
from commercial and industrial activities was calculated by multi-
plying each building protected by coral reef restoration by the 2010
average of 15.1 employees per business (68) and the average contri-
bution to GDP per person. In the absence of data linking the people
living in an area to where they work, these analyses assumed that
housing and the economic activity protected for businesses from
coastal flooding were independent. The HAZUS 2010-dollar values
were translated to US 2023-dollar values using the US Bureau of
Labor Statistics (69) inflation calculator.

The damages associated with each return period flood zone were
used to calculate the expected annual damage (EAD) as the frequency-
weighted sum of damages for the full range of possible damaging
flood events (70). The EAD is a measure of flood risk in a given year
and was calculated for the two scenarios, with present-day reefs and
with the potential coral reef restoration scenario, per (11, 12)

b0t S (i Loy o

i=1

where i refers to the number of return periods (n), T; is the return
period, and D; represents the damages for the probability of 1/T;
(e.g., the flooding associated with a return period of 100 years has a
probability of occurrence of 1% in a given year).

The flood risk reduction value of coral reef restoration was then
determined as the difference in people, infrastructure, and dollar
value affected between the simulations with current coral reefs and
with potential coral reef restoration. The EAB is a measure of the
annual risk reduction value of coral reef restoration and was cal-
culated as

EAB = EAD — EAD, (gored reefs (2)

current reefs

Calculation of BCRs

BCRs were calculated by dividing the net present value of benefits
and costs over a typical 30-year investment lifespan. The net present
value of annual benefits was calculated applying a discount rate of
7%, which is conservative for typical coastal infrastructure projects,
to the EABs. Costs were assumed to be the upfront cost of restora-
tion (71), and there was no maintenance based on pilot experiences
of hybrid reefs (7). Values were calculated for 1-km sections, which
aggregated benefits of native 100-m benefits calculated along the
shore (data availability), which, in turn, were a result of adding up
benefits (10 m by 10 m) on land. BCRs were also calculated using a
1-year lifespan to demonstrate immediate return of selected coral
reef restoration sections.

Uncertainties in the flood risk model

Flood risk models are affected by different uncertainty factors. The
main uncertainty sources involve the hydrodynamic modeling, ba-
thymetry, elevation, damage models, and socioeconomic changes
(72). A sensitivity analysis for US coral reef coasts was included in
(12). The hydrodynamic analysis can be considered conservative in
the difference between the current and restored reef scenarios, but
the absolute flood results can be nonconservative in the presence of
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certain coastal features such as inlets and culverts. Other local coastal
features, such as local defense structures, are not included in the
regional-scale (~10 m?) digital elevation models and may also influ-
ence some local flooding results. In some instances, the hydraulic
connectivity effects may be partly missing, which can result in over-
estimation in areas protected by coastal structures but underestima-
tion in culverts and inlets.

The focus of this effort is to address coastal risk through coral reef
restoration by comparing the no-action scenario with possible resto-
ration scenarios. Sea-level rise and other effects of climate change will
change coastal risk, but our goal here was not to characterize changes
in risk but rather compare risk reduction options, leaving climate ef-
fects equal. As noted previously in the text, the long-term costs, such
as how the efficiency of the hybrid may decrease with sea-level rise,
do not play into the BCAs necessary for FEMA funding, which re-
quire an immediate return on investment because traditional coastal
defense structures such as seawalls and breakwaters provide full ben-
efit immediately upon installation. If sea-level rise was taken into ac-
count and if there was no coral growth, then the hazard risk reduction
benefits would decrease with time as the sea level rose. Although out-
side the scope of this paper, one of the proposed arguments for using
nature-based solutions such as coral reefs (and marshes, mangroves,
etc.) is that they can self-adapt, recover, evolve, and grow with sea-
level rise (73), thus maintaining the hazard risk reduction benefits.

The necessity of using dynamic flood modeling, rather than pas-
sive or simplified flood methods (e.g., bathtub approach) that may
cause large errors, has been demonstrated (72). Previous regional
coastal flood models (73-76) have also relied on process-resolving
cross-shore hydrodynamics with similar transect spacing (100 m)
and model setups. A sensitivity study of model spatial resolution
(12) indicated that for low-lying coastal zones, increasing the tran-
sect spacing leads to underestimating the flooding, whereas for
more complex and steeper coastal zones, larger grid spacing leads to
overestimating. Thus, increased model spatial resolution reduced
overestimation in the resulting flooding impacts and made the re-
sults more conservative than with coarser resolution approaches ap-
plied in previous larger-scale modeling efforts (72, 77).

The precision of elevation model and damage functions has been
shown to dominate the overall uncertainty in coastal flood damage
models at local scales (77, 78). Therefore, this analysis relies on
bathymetric and topographic data at the highest resolution available
at regional scales and the damage curves for each building type cor-
respond to the official curves included with HAZUS, which were
developed on the basis of local empirical data on building damage
vulnerability for the US (50, 67). Additional uncertainty factors af-
fecting the flood results include the joint probability of forcing con-
ditions (waves, sea levels, and storm duration) and differences in the
spatial distribution of people and building types and building values
within the census and HAZUS tracts, respectively.
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