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Coral reef restoration can reduce coastal
contamination and pollution hazards

Check for updates

Marina E. Rottmueller 1,2 , Curt D. Storlazzi 3 & Fabian Frick 1

Coral reef restoration can reduce the wave-driven flooding for coastal communities. However, this

protection has yet to be assessed in terms of the reduced risk of flood-driven environmental

contamination. Here we provide the first high-resolution valuation of the reduction of flood-related

land-based environmental pollution provided by potential coral reef restoration. Along Florida’s 460

km-long coral reef-fringed coastline, coral reef restoration could reduce the risk of sewage and

petrochemical contamination by preventing the flooding of petroleum storage tank systems (-9%),

onsite sewage treatment and disposal systems (-4%), and wastewater treatment plants (-10%). The

present value of critical infrastructure protection and contamination prevention benefits provided by

coral reef restoration is $3,413,503,with someareas exceeding $1,500,000/km. Annually, 48,403U.S.

gal of petrochemicals, 10,404 GPD of wastewater treatment capacity, equivalent to $281,435, could

be protected from flooding, demonstrating that coral reef restoration can provide environmental risk

reduction and previously undocumented additional socioeconomic benefits.

Wave-driven coastal flooding caused by tropical storms imposes a serious
threat for coastal communities1,2. Flooding is also a serious threat for
infrastructure containing toxic substances such as gasoline, diesel, dry-
cleaning agents3–6, and sewage7–9 because flood damage can cause leaks and
spills during which toxic products can be released into the environment,
causing a health hazard for people and organisms10. With accelerating sea-
level rise, and increase in storm frequency11, coastal flood hazards are
increasing and thus so is the potential for storm-driven contamination.

Critical infrastructure elements (CIEs) with the potential for envir-
onmental contamination include petroleum storage tanks (pSTs), onsite
sewage treatment and disposal systems (OSTDSs), and wastewater treat-
ment plants (WWTPs). There is a need to rigorously assess the hazard
caused by coastal flooding for pSTs, OSTDSs andWWTPs. First, pSTs are
used for fuel supply, storage, emergency generators in private and public
places. Nearly all buildings of amunicipality either have a type ofOSTDS or
are connected to a sewer grid that transports sewage and wastewater to a
centralized municipal WWTP. Second, flood-related contamination with
sewage and petrochemicals poses serious short- and long-term health
hazards: sewage containspathogens, and thus can spread infectiousdiseases,
e.g., hepatitis12, pneumonia13, typhoid fever, cholera, tetanus, or
gastroenteritis14,15. Exposure to petrochemicals can cause irritation,
respiratory and neurologic problems16, and leads to endocrine disrupting
activity17,18, carcinogenicity, mutagenicity, and acute toxicity17,19 and addi-
tional burden for health care providers. Third, cascading effects for an

affected region can be triggered, both through direct contact or if the pol-
lutants enter aquifers and contaminate drinking water. Fourth, environ-
mental remediation efforts can range fromUS$1000s to US$1,000,000s per
spill, with a median ~US$100,000 and are not always able to restore to the
state prior to the contamination incident (C. Brunot, oral communication,
12/05/2022). Fifth, there is a financing and insurance gap for owners to
cover the financial burden of environmental remediation efforts20–23, for
some cases insurance does not cover damage remediation. This can result in
an additional burdenonpublic fundswhenprivate insurancedoes not cover
the costs, and pST owners are forced to apply for government funding for
cleanup24. Lastly, because at-risk, vulnerable populations (low-income,
elderly, and other minority populations) are often adjacent to CIEs25–27 and
thus suffer fromthenegative consequencesof contamination28, assessing the
impact of flooding and the resulting environmental contamination on such
communities is an environmental justice issue.

Coastal communities have traditionally invested in different gray
coastal engineering solutions to mitigate coastal flooding, such as seawalls
and breakwaters29. However, studies have shown that natural features such
as mangroves, beaches, marshlands, and coral reefs can provide flood
protection30 as well as environmental benefits (e.g., nutrient supply, bio-
geochemical cycling31,32). Coral reefs can attenuate 97% of incident wave
energy33 through friction and wave breaking34,35 by acting as submerged
breakwaters. This reduction in wave energy and associated reduced coastal
flooding potential has been valued in terms of averted building damages and
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indirect economic interruption of billions of US dollars annually in the
US36,37 and tens of billions of US dollars annually worldwide38. Because of
this, coral reefs have become recognized as national, natural infrastructure
for coastal protection by the U.S. Coral Reef Task Force39. However, there is
still a need to increase pre-disaster mitigation and post-disaster recovery
funding opportunities for coral reef restoration for coastal flooding risk
reduction at larger scales40. This is important as coral reefs have been
degrading in many locations worldwide due to climate-driven changes and
pollution, and thereby the flood hazard protection has been reduced36,37,41

and might continue to decrease. This can aggravate the flooding hazard at
reef-fringed coastlines globally if no restoration action is taken42. Because
such hazard risk reduction funding is based on traditional cost-to-benefit
analyses, amore refinedvaluationof the coastal protectionbenefits provided
by coral reef restoration37 is essential to increase such funding possibilities.

To the best of our knowledge, the role of coral reef restoration in
reducing damage to CIEs with potential environmental contamination has
not yet been evaluated. To address this, we assess coastal flood hazards to
CIEs in Florida that can cause environmental contamination and value the
coastal protection function that potential coral reef restoration can provide
to reduce that risk. We chose five counties in southeast Florida, U.S.A., as
our study area due high economic activity (GDP of $353 billion in 202143),
dense population (6,401,716 people in 201944), high frequency of tropical
storms45, and low coastal topography46 that are broadly representative of
populated coral reef-lined regions across the globe. We match information
on the flood risk reduction provided by theoretical coral reef restoration36

with newly assimilated information on pSTs, OSTDSs, and WWTPs that
could be damaged and potentially cause environmental contamination. The
CIE protection and contamination prevention (CPCP) benefits are defined

as damages to CIEs and potential resulting environmental contamination
that canbe advertedwith coral reef restoration compared to the current state
of coral reefs. Second, we advance the precision of the computation of
economic damages and economic benefits, in 2022 USD, provided by coral
reef restoration by presenting results as probability distributions, in addition
to singular expected values, to provide a holistic presentation of flood
contamination risk.

Results
Reduction of flood-related damage and contamination risk
The restoration of coral reefs can avert economic damages that otherwise
can occur when CIEs are flooded and subsequently damaged during wave-
driven flooding events. Damages are defined as those toCIEs that limit their
functionality and operability and cause related potential environmental
contamination that require either repair or replacement of the element itself,
as well as potential environmental remediation and cleanup of the sur-
rounding area. Associated with these damages are the costs of repair and/or
replacement of CIEs and environmental remediationmeasures. Our results
focusonpSTs,OSTDSs, andWWTPs, and therefore donot include facilities
with other industrial hazardous waste and thus are a conservative under-
estimation of the total possible contamination.

Number of critical infrastructure elements protected
Coral reef restoration considered here consists of a solid structure with
outplanted coral on top and total elevation increase of 1.25 m and width
of 5 m in cross-shore direction (refer toMethods for details) is projected
to reduce the number of pSTs, OSTDSs, and WWTPs (Fig. 1) at
flood risk.

a b c

Petroleum storage tanks Wastewater treatment plants Onsite sewage treatment 
and disposal systems

Property containing WWTP Property containing OSTDS

Flooding with current reefs Flooding with restored reefs

Aboveground pST

Underground pST

Fig. 1 | Examples of environmental contamination risk reduction due to

decreased coastalflooding provided by coral reef restoration. aPetroleum storage

tanks, pSTs, with above ground in yellow and underground in red. b Wastewater

treatment plants, WWTPs. c Onsite sewage treatment and disposal systems,

OSTDSs. The dark blue areas indicate the areas that are in a flood hazard zone for

current coral reefs and the light blue areas indicate the reduced flood zones with

coral reef restoration. Orange areas represent the spatial extent of wastewater

treatment plants and red areas indicate properties containing an onsite sewage

treatment and disposal system. Coral reef restoration is projected to reduce the size

of coastalfloodplains, reducing theflooding of properties containing pSTs,OSTDSs,

and WWTPs and the resulting environmental contamination.
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The 100-year floodplain has a 1-percent chance of experiencing a peak
water level in any given year; however, during the span of a typical 30-year
mortgage, the 100-year floodplain has a 26-percent chance of being flooded
at least once47. For the 100-yearflood scenario, 32 pSTs (−10%), 32OSTDSs

(−7%), and 1 WWTPs (−4%) are projected to be protected from flooding
(Fig. 2d) by potential coral reef restoration in Florida.

By integrating across the different storm return intervals, we computed
annualized expected values. Annually, 11 pSTs (−10%), 6 OSTDSs (−3%),
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Fig. 2 | Estimates of coastal flood risk for petroleum storage tank systems (pSTs),

onsite sewage treatment and disposal systems (OSTDSs), and small wastewater

treatment plants (WWTPs). Flood risk for (a) pSTs, b OSTDSs, and cWWTPs per

storm return period in terms of mean economic damages and d the number of critical

infrastructure elements at risk of flooding. The dark gray color represents the flood risk

with current coral reefs, the green color with restored coral reefs. The space between the

black and green line represents the damages adverted due to coral reef restoration. All

values represent mean values of the distributions in Figs. 4 and S2. e Expected annual

damages with regards to the number of critical infrastructure elements (label on top of

columns) and percentage averted (percentage in green columns). f Expected annual

damages with regards to the economic damages (labels on top of the columns) and

percentage adverted (percentage in green columns). The dark gray bars indicate the

damages projected for current coral reefs and the green bars indicate damages for

restored coral reefs. Coral reef restoration can reduce the number of flooded pSTs,

OSTDSs, and WWTPs and related economic damages per storm return interval and

thus annual damages. The critical infrastructure element (CIE) protection and con-

tamination prevention (CPCP) benefits of coral reef restoration are dependent on the

storm return interval and vary by type of critical infrastructure.
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and 1 WWTPs (−10%) are projected to be protected from flooding by
restored coral reefs (Fig. 2e). The forecasted CPCP benefits are greater for
private owners (residential and businesses, land retail stations, marine fuel
storage) than public owners (federal, state, local, and municipal govern-
ments) and depend on the respective storm return interval (Supplementary
Fig. 1a). Because coral reef restoration is projected to reduce the number of
flooded CIEs, it will likely also reduce the number of newly con-
taminated sites.

Volume of petrochemicals and capacity of sewage protected
from flooding
By reducing the number of flooded CIEs, coral reef restoration is projected
to decrease the volume of petroleumproduct and sewage capacity at risk for
a given storm. For the 100-yearfloodplain, 59,300U.S. gal of petrochemicals
anda sewage capacity of 7500U.S. gal per day (GPD) (Fig. 3) areprojected to
be protected from flooding with restored coral reefs in Florida.

In the study area, 48,403 U.S. gal (−3.0%) of petroleum products and a
sewage capacity of 7,737 GPD (−0.5%) from WWTPs and 2,667 GPD
(−3.8%)of sewage fromOSTDSsareprojected tobeprotected fromflooding
by restored coral reefs annually. These disaggregate into projected annual
flood protection of 9.7% (30,954U.S. gal) of gasoline products, 1.4% (16,808
U.S. gal) of diesel products, 7.7% (640 U.S. gal) of petroleum-based oils, and
0.1% (1U.S. gal) of other chemical substances (seeMethods for details). Due
to the location of pSTs containing aviation fuels (82,522 U.S. gal) and dry-
cleaning products (487 U.S. gal) relative to projected floodplains, annually
none of these are forecasted to be protected with coral reef restoration.With
coral reef restoration projected to reduce the volume of petroleum-product
and sewage capacity at flood risk, it will reduce the overall environmental
burden and necessity for cleanup measures for a given region.

Economic benefits of coral reef restoration
The present value of CPCPbenefits describes the economic damages arising
from CIE damage and environmental contamination, over a given period
for a specified region that can be prevented from occurring with a restored
coral reef.Wehereby assumed a 30-year period and a discount rate of 7%, as
commonly used by the U.S. Federal Emergency Management Agency
(FEMA)48 and the U.S. Army Corps of Engineers. The U.S. federal discount
rate was reduced from 7 to 3.1% in 2024, thus our results can be considered
conservative. In Florida, coral reef restoration is projected to have a mean
present valueofCPCPbenefits of $3,413,503±$1,943,238 (mean± standard
deviation), a 7.3% reduction in risk (Fig. 4).

Per county, the mean present values of CPCP benefits range from US
$51,338 to $1,570,072, with a mean ± standard deviation of US$628,159 ±
US$689,115 (Table 1). A total of expected annual protection benefits of
US$281,435 are projected for Florida (Fig. 2), with the counties ranging
from US$756 to US$158,324, with a mean ± standard deviation of
US$54,970 ±US$68,338 (Supplementary Table 1). Per CIE type, mean pre-
sent values of CPCP benefits disaggregate into US$1,568,239 ±US$974,399
(5.4%) for pSTs that currently store petroleum product, US$5,369 ±
US$27,342 (5.7%) for empty pSTs, US$199,922 ±US$167,526 (5.1%) for
OSTDSs, and US$1,639,972 ±US$901,467 (11.7%) for WWTPs (Table 1).

Expected annual CPCP benefits for pSTs are US$110,000 (7%), for
OSTDS US$11,000 (4%), and forWWTPs US$160,000 (14%). For areas in
the 100-yearfloodplain of coral-fringedFlorida, reef restoration canprovide
mean CPCP benefits to CIE of US$553,005 ±US$377,715 (7.2%) (Supple-
mentary Fig. 2). Coral reef restoration is thus projected to reduce the
financial burden for post-disaster measures for reconstruction of the
functionality and operability of CIEs and environmental remediation for a
given region.

Fig. 3 | Estimates of the volume of petrochemicals

and sewage at risk of flooding that can be pro-

tected by coral reef restoration. a Relation between

the volume of petroleum product at flood risk and

the flooded area for different storm return intervals.

The dashed circles indicate the values that corre-

spond to a particular storm return interval (10-year,

50-year, 100-year, 500-year). bRelation between the

capacity of sewage at flood risk and the flooded area

for different storm return intervals. c Expected

annual damages (label to the right of bars) and

percentage avoided (percentage in green bars) with

regards to the volume of petroleum products stored

and the capacity of sewage treated in zones with

flood risk. Dark gray bars indicate the volume of

contaminants stored in floodplains based on current

coral reefs and green bars represent those in flood-

plains with restored coral reefs. Coral reef restora-

tion is forecasted to reduce the volume of gasoline,

diesel, other petroleum-based liquids, and the

capacity of sewage at flood risk during wave-driven

coastal flooding events and thus is projected to les-

sen the extent of environmental contamination by

those pollutants.
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Spatial differences in CIE protection and contamination preven-
tion (CPCP) benefit distributions
Florida has 460 km of coral reef-fringed coastline, of which 226 km (49.1%)
are forecasted to experience CIE and potential flood contamination
damages over the next 30 years due towave-driven coastalflooding events if
reefs remain unrestored (“current reefs”). Coral reef restoration is estimated
to protect CIEs along 81 km, equivalent to 17.6% of total coastline, and
35.8% of coastline for which damages are projected.

Depending on the section of coastline considered, restored coral reefs
are projected to offer mean present values of CPCP benefits ranging from
US$0 to US$1,560,000/km, with a mean ± standard deviation of
US$7,421 ±US$83,286. For the 100-year storm, coastal protection benefits
can range from US$0/km to US$900,000/km, with a mean ± standard
deviation ofUS$4,620/km ±US$44,189/km (6.0%). Expected annual CPCP
benefits are forecasted to range from US$0 to US$493,200/km, with a
mean ± standard deviation of US$2,254/km ±US$27,228/km. Therefore,
per kilometer of coastline, between 0 and 99.7% of annual damages, with a
mean ± standard deviation of 8.1 ± 22.5%, are projected to be averted by
restored coral reefs. Thus, although coral reef restoration might not avert
damages for some sections of Florida’s reef-fringed coastline, it is projected
to reduce the flood-related damages and contamination for some coastal
segments almost entirely.

Discussion
Coral reef restoration can protect critical infrastructure from damage
and coastal communities from environmental contamination result-
ing from wave-driven coastal flooding events. Our results demon-
strate that coral reef restoration in Florida could protect pSTs,
OSTDSs and WWTPs from flood-related damages and spills that are
equivalent to expected annual economic protection benefits of US
$281,435 (2022 US$); as noted in the Methods, these numbers are
conservative, as we did not consider smaller fixed or mobile sources,
and we used conservative radii of the polluted environment. With
regards to total flood-caused contamination in Florida, our results are
conservative, as we do not consider additional sources, such as
facilities with industrial or hazardous waste.

Previous studies have already addressed flood reduction benefits of
coral reef restoration of more than US$156,400,000 in averted economic
disruption and US$168,184,000 in averted damage to buildings49 and the
protection of 2,249 people annually50 in Florida. Our results are additional
benefits on top of the already analyzed, as they add an additional aspect that
has previously not yet been documented. The quantification of further
benefits is important as coral reef restoration can cost, depending on loca-
tion, method and materials selected, between US$0.15 million/km and
US$3 million/km, with average costs below US$2 million/km50 (Supple-
mentary Table 2 for details), and with increasing innovation, costs might
further decrease. CIE protection and contamination prevention benefits
vary by kilometer of coastline and depend on different geophysical, topo-
graphic, and CIE factors. The 249 km-long reef-lined coastline along con-
tinental Florida (Martin, PalmBeach, Broward, andMiami-DadeCounties)
has 11.8% higher CPCP benefits (US$1,801,733) than the 211 km of the
Florida Keys (Monroe County; US$1,611,769), as presented in Table 1 and
Fig. 5. The spatial distribution of benefits along the coastline differs along
these two geographies: whereas for the continental part there are 69 km of
coastline potentially benefitting from coral reef restoration reducing
environmental contamination, there are only 11 km in the Florida Keys, of
which only 1 km in the Middle Keys (Vaca Key) being the main driver for
the benefit (Fig. 5) basedonour analysis of considered contaminant sources.

Geophysical factors include the depth of the coral reef, its proximity to
shore, and its cross-shore width. The shallower the coral reef, the closer to
shore and the narrower the reef, the greater the reduction of projected
floodplain size and flood hazard50. In general, coral reefs along continental
Florida are narrower, more continuous, fringing reefs compared to those in
the Florida Keys51–54 that are a discontinuous barrier coral reef at an average
distance of 10 km from shore53,55.

Further contaminant sources and contaminants
To assess the flood-associated contamination risk with sewage, we focused
on properties containing OSTDSs and small WWTPs. However, munici-
palities with centralized wastewater treatment systems also have a network
of sewer pipes which also pose a flood contamination hazard56,57; these were
not considered in this analysis due to domestic security considerations.

Fig. 4 | Distributions of the present value of

damages projected to occur to critical infra-

structure that can cause contamination and the

present value of critical infrastructure element

(CIE) protection and contamination prevention

(CPCP) benefits coral reef restoration could pro-

vide. Damages refer to physical damage to critical

infrastructure elements and the resulting environ-

mental contamination with petrochemicals and/or

sewage. Economic damages include costs for repair

and/or replacement of those critical infrastructure

elements, as well as costs for environmental reme-

diation and cleanup. a Histogram of the present

value of damages, PV(D), for current state of coral

reefs. b Histogram of the present value of CPCP

benefits, PV(B), provided by restored coral reefs.

c Distribution of the PV(D) per county for current

coral reefs. d Distribution of the PV(B) provided by

restored coral reefs per county. For subplots (c) and

(d), the blue horizontal lines indicate the 25 and 75%

quantiles, the red horizontal line represents the

median, and whiskers display the minimum and

maximum values; extreme values are denoted by

points. For all plots, a discount rate of 7% and 30-

year lifetime were assumed.
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Furthermore, wave-driven coastal flooding can affect cesspools58 in regions
where these are prevalent, and these can become a health hazard for people
and the environment when flooded59–63.

Further sources of pollutants, such as sites with hazardous waste
treatment and disposal, incinerators10 and hazardous waste generators,
storers, transfer, and transport facilities64 can also be a source of pollution if
flooded. Flood waters containing fungal spores from untreated sewage
represent a further biological flood-related contamination health hazard, as
they can enable the growth ofmold in flooded buildings65. Even seawater by
itself can be considered a contaminant by causing soil salinization66, inhi-
biting agricultural production67,68, and/or limiting freshwater availability69.
Thus, if restored coral reefs can protect the flooding of CIEs and other
contaminant sources, it can reduce the chances that new sites of con-
tamination develop.

In our study, we considered the damage of pSTs, OSTDSs, and
WWTPs and potential spills of sewage and petroleum products that can
cause newly contaminated sites for which we considered environmental
remediation costs. However, we have not considered the flood hazard for
sites of known, existing contamination, such as those listed in government
agencies’ cleanup programs70–73, or solid waste landfills10. Thus, coral reef
restoration would also reduce the flood hazard for sites of known, existing
contamination for reef-fringed tropical coastlines. This way, it could reduce
the economic and environmental burden for coastal communities asso-
ciated with post-disaster recovery and environmental remediation. Further
studies on additional contaminant sources, sites of known contamination,
and related times of exposure to flooding are necessary to assess further
flood contamination risks.

Cascading effects and environmental justice
Environmental contamination from acute and chronic flood damage to
pSTs, OSTDSs, andWWTPs can trigger cascading effects beyond the scope
of damages to CIEs and related environmental cleanup and remediation,
leading to negative externalities for different stakeholders, including far
higher associated economic and social costs: there can be hazard, flood risk

management system, CIE, spill-over, and snowball cascades74. Acute flood
damages of pSTs can cause downtimes for public and private buildings,
emergency energy supply with emergency generators, and disrupt the
provision of basic functions of system-relevant infrastructure. Con-
tamination remediation costs for buildings beyond direct flood damage can
arise75 and health care providers will likely be burdened with flood-
contamination caused illnesses76.

Flood damage to CIEs can affect different stakeholders at different
times, from the time of flood contamination to years after such event has
occurred. Questions of liability and health risk can arise if contamination
remains undetected, property ownership changes, or contaminantsmigrate
and new property owners or neighbors are faced with payments for
environmental remediation and potential insurance gaps77. Public and
common assets of uninvolved third parties, i.e., schools, groundwater wells,
natural reserves, or the properties of private homeowners can become
polluted78. Sites near those pollution sources are disproportionately inhab-
ited by vulnerable peoples, including minorities, low-income, and at-risk
groups, such the elderly, children, minorities, and low-income peoples79.
These populations have less access to legal counsel, insurance, and political
advocacy80 to remediate contamination that may affect them directly or
indirectly. By averting flood damages to CIEs and avoiding flood-related
environmental contamination for various areas and different functions
within coastal communities, coral reef restoration can reduce the short- and
long-term human health hazard, and thus foster environmental justice.
Therefore, theCPCPbenefits quantified in this study are but a small portion
of the expected benefits from reef restoration, which are substantial, but
more difficult to quantify.

Negative cyclical effects of environmental land-based pollution on the
coastal protection function of coral reefs itself can also occur. The over-
supply in nitrates and phosphates from leaking wastewater treatment sys-
tems can alter the species composition81, change the rate of calcification in
coral reefs82, and enhance rates of bioerosionor site-specific eutrophication83

that can, in turn, foster increased rates of coral reef degradation and thus
lead to an increase in coastal flooding42.

Table 1 | Present value of critical infrastructure element (CIE) protection and contamination prevention (CPCP) benefits coral
reef restoration can provide

Present value of CPCP benefits provided by restored coral reefs

[US$] (r = 7%, T = 30 years) (mean ± standard deviation (percent of damages averted)

County Sub-
region

pST with contamination
hazard

Empty ST OSTDS WWTP Total

Martin $5,893± $22,426
(6.6%)

$0 ± $0
(N/A*)

$45,445 ± $49,667
(8.1%)

$0 ± $0
(0.0%)

$51,338 ± $57,091
(5.1%)

Palm Beach $276,014 ±
$211,860 (20.8%)

$0 ± $0
(0.0%)

$137,869 ±
$113,284 (23.2%)

$78,355 ± $96,633
(33.9%)

$492,237 ±
$368,819 (22.9%)

Broward $189,211 ±
$187,593 (32.4%)

$3,542 ±
$25,117 (88.8%)

$166 ± $1,113
(0.5%)

$0 ± $0
(0.0%)

$192,919 ±
$194,860 (29.8%)

Miami-Dade $1,060,084 ±
$731,997 (50.3%)

$1,827 ± $9,364
(44.7%)

$3,328 ± $5,747
(13.3%)

$0 ± $0
(N/A*)

$1,065,239 ±
$732,702 (49.9%)

Monroe Total $37,036 ± $73,978
(0.1%)

$0 ± $0
(0.0%)

$13,115 ± $11,183
(0.5%)

$1,561,618 ±
$859,284 (11.7%)

$1,611,769 ±
$885,369 (3.9%)

Upper
Keys

$25,396 ± $61,711
(0.6%)

$0 ± $0
(0.0%)

$4,104± $7,048
(0.5%)

$0 ± $0
(0.0%)

$29,500 ± $64,577
(0.4%)

Middle
Keys

$8,454 ± $26,623
(0.1%)

$0 ± $0
(N/A*)

$0 ± $0
(0.0%)

$1,561,618 ±
$859,284 (14.5%)

$1,570,072±
$864,329 (8.7%)

Lower
Keys

$3,186 ± $15,636
(0.0%)

$0 ± $0
(0.0%)

$9,011 ± $8,926
(3.4%)

$0 ± $0
(0.0%)

$12,198 ± $18,061
(0.1%)

Total
Study Area

$1,568,239 ±
$974,399 (5.4%)

$5,369 ±
$27,342 (5.7%)

$199,922 ±
$167,526 (5.1%)

$1,639,972 ±
$901,467 (11.7%)

$3,413,503 ±
$1,943,238 (7.3%)

N/A*: No damages projected for this area, thus also no benefits occurring

Present value of CPCP benefits in 2022 US$ coral reef restoration can provide with regards to the prevention of damage to petroleum storage tanks (pSTs), onsite sewage treatment and disposal systems

(OSTDSs), andwastewater treatment plants (WWTPs) and avoidanceof coastal flooding-caused environmental contaminationwith petrochemicals and sewageper county assuming a discount rate of 7%

over a 30-year lifetime. Values distributed as mean and standard deviation with percent of damages averted in parentheses. The contamination reduction benefits vary by county and region.
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The existing interdisciplinary risk quantification valuation framework
with high-resolution flood modeling36–38,49 has been adapted with Monte
Carlo simulations to present projected damages and benefits as probability
distributions in addition to singular expected values. First, for decision-
makers who are risk-averse, the probability distribution of damagesmatters

beyond a singular expected value. Singular expected values are often used by
engineers to provide information on risk84,85, and assume a risk-neutral
decision-maker within the concept of utility theory84. However, decision-
making on flood management is addressed at the federal, state, and local
government levels in the U.S.86,87. It has been demonstrated that individual

Data credits: 
Esri, USGS, GEBCO, DeLorme, Natural-
Vue, University of South Florida, FDEP, 
HERE, Garmin, FAO, NOAA, EPA, NOS

PV(B)PV(D)

c dCurrent reefs Restored reefs

EABEAD

a bCurrent reefs Restored reefs

Fig. 5 | Spatial patterns of forecasted damages to critical infrastructure possibly

causing contamination and the critical infrastructure element (CIE) protection

and contamination prevention (CPCP) benefits coral reef restoration can pro-

vide. a Expected annual economic damages per 1-km coastal segment forecasted for

current coral reefs. b Expected annual CPCP benefits restored coral reefs are pro-

jected to provide per 1-km coastal segment. cMean present value of damages to

critical infrastructure elements for current coral reefs. dMean present value of

CPCP benefits restored coral reefs could provide per 1-km coastal segment. Coral

reef restoration can substantially reduce the coastal hazard risk of flood damages to

CIEs and subsequent contamination; however, the damages and protection benefits

are highly spatially variable due to the nature of the coral reefs and distribution of

infrastructure potentially causing contamination.
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U.S. households are risk-averse88, and different U.S. government agencies,
such as FEMA, state risk avoidance and reduction as a primary goal48,89.
Second, for probabilistic risk assessment for human health90 and ecosys-
tems, Monte Carlo simulations91 are frequently conducted by the U.S.
Environmental Protection Agency (EPA) to determine the risk for popu-
lations exposed to hazards92,93. To address the coastal flood contamination
risk for a risk-aversedecision-maker, thepresent valuesofCPCPbenefits are
provided as probability densities (Fig. 4, Supplementary Fig. 2) that
demonstrate that damages can be higher or lower based on a given prob-
ability. This method ofMonte Carlo simulations is applied here for the first
time to assess CPCP benefits restored coral reefs can provide.

Our results can be used by public decision-makers of government
agencies, e.g., floodplain, cleanup, and coral reef restoration managers, and
for interagency cooperation, to develop coastal protection, environmental
remediation, and coral reef restoration measures along coral reef-lined
coastlines at high resolution to reduce the coastal flood contamination risk,
and to develop related, necessary funding mechanisms worldwide. Our
findings can help private stakeholders, e.g., CIE owners, real estate devel-
opers, andplanners, to takefloodcontamination risk into consideration into
the design and construction of new and remodeling of existing structures to
increase coastal resilience. For regions with little funding and technological
mitigation means, but with a high risk of wave-driven coastal flooding67,68,
coral reef restoration could reduce the future financial and environmental
burdenarising fromenvironmental cleanup.Coral reef restoration therefore
could contribute to the protection of common goods and peoples from
flood-related environmental contamination, and it could thus be ameasure
to improve environmental justice for underserved communities.

Methods
General methodology
The proposed empirical methodology is derived from an expected damage
function approach (EDF)49,85 and uses an interdisciplinary probabilistic risk
valuation framework with high-resolution flood modeling36,37,49 (Supple-
mentary Fig. 3). Our study area consists of the coastal areas of the counties
Martin, Palm Beach, Broward, Miami-Dade, and the Florida Keys (Upper,
Middle and Lower Keys) in Monroe County in Florida.

Datasets and infrastructure elements considered
We downloaded data from five geospatial datasets and considered three
types of critical infrastructure elements: we downloaded projected high-
resolution (10m x 10m) flood extents for different storm return intervals
and coral reef restoration scenarios from the U.S. Geological Survey94. We
considered registered petroleum storage tanks (pSTs) built in form of
underground storage tanks (USTs) with capacity greater than 110US gal as
covered in Chapter 62-761, Florida Administrative Code (F.A.C.), and
aboveground storage tanks (ASTs) with capacity greater than 550 US gal as
covered in Chapter 62-762, F.A.C. The dataset contains ASTs with tank
volumes below the required reporting threshold and we included these as
well in our computations, because the exposed location of ASTs to flood
waters create a risk for damage and spilling and also tanks with a small
volume can cause economic and environmental damage. Stored petroleum-
based products considered were different types of gasoline (leaded, unlea-
ded, ethanol E10), diesel (vehicular, emergency generator, and generator
pump diesel), aviation fuels (aviation gas and jet fuel), petroleum-based oils
(fuel oil/ onsite heat, new/ lube oil, waste oil), drycleaning (drycleaning
petroleum, tetrachloroethylene, drycleaning miscellaneous), and other
chemical substances (chlorine compound, mineral acid, miscellaneous
petroleum-basedproducts andother non-regulatedproducts). Twodatasets
with information on pSTs were used, one from the Florida Department of
Environmental Protection (FDEP) Geospatial Open Data website95, and a
second dataset with information on tank contents was provided directly
by FDEP.

Furthermore, we considered onsite sewage treatment and disposal
systems (OSTDSs) as defined in Section 381.0065(2)(k), Florida Statutes
(F.S.), also referred to as septic systems. The datasetwas directly providedby

FDEP. An individual OSTDS was assumed to have a capacity of 400 US
gallon per day. This number is based on the computed average median
number of rooms of 4.68 in a housing unit in the five counties of our study96

and the capacity of OSTDSs required for a 4-bedroom residential unit
according to 64E-6.008 Florida Administrative Code. We chose to round
down to 4 bedrooms to conduct a conservative estimate.

Last, we investigated wastewater treatment facilities, also referred to as
wastewater treatment plants (WWTPs) as covered in Chapter 403 F.S. and
regulated by theDomesticWastewater Program and IndustrialWastewater
Program by FDEP. The dataset “Wastewater Facility Regulation (WAFR) –
Wastewater Facilities” was downloaded from the FDEP Geospatial Open
Datawebsite97. The capacity ofWTTPs in the study area ranges from0.0024
MGD to 0.55MGD.Digital cadastralmaps for the five counties of the study
area were downloaded from the Florida Department of Revenue98.

Our study represents a conservative approach by assessing the flood
contamination risk for pSTs, OSTDSs and WWTPs that are officially
registered with the Florida Department of Environmental Protection,
respectively, FloridaDepartment ofHealth.We also assumed a conservative
zone of impact of environmental contamination of CIE damage. However,
CPCP benefits provided by coral reef restoration for petrochemical expo-
sure could even be higher if further contamination sources of anchored
nature (i.e., storage tanks for emergency generators below the threshold) or
mobile nature (i.e., petroleum tanks of cars, trucks, boats; portable toilets)
were included, and if the radius of the assumed polluted environment is
assumed to be larger.

Coral reef restoration specifications and flood scenario develop-

ment. Storlazzi et al. 49developed models of coastal flooding with current
reefs and theoretically restored reefs. The restored coral reef scenario
describes a restoration scenario that consists of a solid structure with
outplanted live coral topwith total vertical height increase of 1.25 m and a
cross-shore width of 5.0 m that were situated in water depths between 2
and 7 m on continuous coral/hardbottom habitat and located at the
closest point to shore. There are two ways how this could be achieved: (a)
either outplanting of tall (mature) live coral, i.e., Acropora palmata, (b) a
structural or “gray” restoration with a concrete or metal base structure
and juvenile corals rescued from elsewhere or grown in nurseries out-
planted on top. Such a base structure in combinationwith the outplanting
of live coral is often referred to as a “hybrid” restoration. Storlazzi et al.
(2012b) modeled each of the reef scenarios (current reefs, restored reefs)
for 10-year, 50-year, 100-year, and 500-year storm return intervals.
Along the study area, per kilometer of coastline, a theoretical reef
restoration location was determined based on the bathymetry of the
seafloor for depths between 2 and 7 m.

Number of critical infrastructure elements affected and pro-
tected from flooding
We determined the number of pSTs, OSTDSs, andWWTPs affected and
protected from flooding with a quantitative geospatial analysis in ArcGIS
Pro. All locations of CIEs within a distance of 500 m of the largest
floodplain (500-year storm return interval, current reefs) were individu-
ally verifiedwithGoogleMaps (satellite imagery),Google StreetView, and
ArcGIS Pro Imagery Hybrid map to account for spatial inaccuracies. A
detailed description of the procedure can be found in the following three
subsections.

Number of pSTs
The location of each individual petroleum storage tankwithin a property
corresponding to an address was verified with Google Maps, Google
Street View, permit documents and annual inspection reports found at
respective links in the FDEP datasets. pSTs located higher than the
second story of a building were excluded, since we assumed that flood
waters will not reach these storage tank systems. The point layer con-
taining the location of pSTs was intersected with each of the eight
floodplain layers. Hereby, the tool spatial join with a radius of 15 m was
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selected to account for the spatial extent of a storage tank and floodplain
uncertainties. For each of the eight flood scenarios, the number of
flooded pSTs was calculated.

Number of OSTDSs
The location ofOSTDSs as provided in the datasets was at the street level.
For each of the flood scenarios, we intersected the polygon layer con-
taining polygons of properties with OSTDSs with each of the floodplains
to determine the projected flooded area of the properties. Then, the areas
of the flooded space of each property containing an OSTDS was mea-
sured for each of the flood scenarios. Subsequently, for each property
containing anOSTDS, the spatial ratio α of flooded property area to total
property area was calculated and a spatial cut-off ratio of 20% was used.
If α was greater or equal to 20%, it was defined that the OSTDS on that
property was flooded. If less than 20% of the property areawas flooded, it
was defined that the OSTDS was not flooded. We justify a spatial ratio α
of 20%, because on average only a limited area within a property is
suitable for an OSTDS to be constructed as there are spatial require-
ments (open space free of trees, roots, no other built structures on top
that could damage the absorption field). Since OSTDSs considered
consist of the basic modules of septic tank, absorption field and related
piping, by the physical principle of communicating vessels we assume
that if one part of an OSTDS is flooded and flood water enters the system
somewhere, parts, or even the entire system can become damaged and
sewage spills can occur somewhere in the system. Therefore, we con-
sidered the use of a ratio α = 0.2 as the cut-off value, which means one
fifth of the property being flooded, a reasonable cut-off value. Based on
this computation, for each of the flood scenarios, the state of a particular
OSTDS (flooded/not flooded) was determined. The number of OSTDSs
flooded for a given scenario was determined by counting the number of
properties containing an OSTDS with a spatial ratio α≥ 20% for a given
flood scenario.

Number ofWWTPs. The addresses ofWWTPs were provided as a point
feature class.We verified the location of the property corresponding to an
address with Google Satellite Images, and ArcGIS Pro Imagery Hybrid
map. We then further refined the WWTP’s spatial extent within a
property with information found in official permits, permit construction
drawings, and annual inspection reports. A respective link to a FDEP
database to access these documents was found for every entry of the
FDEP dataset. TheWWTPpolygon layer was intersected with each of the
floodplains and the area of the flooded area within the WWTP was
computed. Similar to the OSTDS, the spatial ratio α of flooded area to
total area of the WWTP was calculated. Again, a spatial cut-off ratio of
20% was used to determine the state (flooded/ not flooded) of a WWTP
for a given flood scenario.

For each storm return interval, the number of pSTs, OSTDSs, and
WWTPs protected from coastal flooding with restored coral reefs was
computed as the difference between the number of flooded pSTs for the
scenariowith current reefs for a given stormreturn interval, and thenumber
of pSTs with restored reefs for the same storm return interval:

Nm;protected ¼ Nm;current reefs � Nm;restored reefs;

withN being the number of critical infrastructure elements andmbeing the
type of critical infrastructure element (pST, OSTDS or WWTP).

Modeling of damage scenarios and cost functions for petroleum
storage tanks and OSTDSs
Based on an online market review (Supplementary Tables 3–5) and a
thorough literature search (Supplementary Table 6), we investigated dif-
ferent types of petroleum storage tank and OSTDS damages and failures
during wave-driven coastal flooding events, possible contamination sce-
narios, and necessary environmental remediation actions after a petro-
chemical or sewage spill. We verified this information by interviews with

experts (three certified professional geologists, one industrial hygienist, and
one pST manufacturer) that currently work, or have previously worked on
projects in the study area (Supplementary Table 7). Based on the infor-
mation gained, we developed different potential damage scenarios,
including damage trees with probabilities and cost functions for flooded
pSTs and OSTDSs during wave-driven coastal flooding events. Overall, we
considered costs associatedwith the repair and/or replacement of a pST and
costs for environmental remediation after a petroleum product spill.
Hereby, based on the information provided in the datasets, we further
differentiated between pSTs carrying petroleum product and currently
empty pST, to account for the environmental contamination hazard for pST
carrying petroleum product (Supplementary Figs. 4–7).

ForOSTDSs, we considered the repair and/or replacement of an entire
OSTDSordifferent parts of anOSTDS (septic tank, absorptionfield), aswell
as costs for environmental remediation after an OSTDS has leaked and
caused a sewage spill. We then created different damage scenarios with
decision trees, one for pSTs containing petrochemicals, one for empty pSTs,
and one for OSTDS (Supplementary Figs. 8 and 9). To model the costs per
damage scenario, we chose PERT distributions with parameters minimum,
most likely, and maximum values, as it is suggested in Vose99. The para-
meters of each PERT distribution were determined based on the extensive
literature and market search and verified with interviews with above-
mentioned experts.We determined the probabilities of damage and leaking
of a flooded petroleum storage tank during a storm event with the help of
already mentioned expert interviews in combination with Historical Sea,
Lake, and Overland Surges from Hurricanes (SLOSH) simulations of 10
previous hurricanes100,101. A SLOSH simulation is a computational model to
simulate storm surges. For OSTDSs, we identified related damage prob-
abilities basedonour results found in the literature search and then allocated
the estimated damage probabilities to our different possible events in our
decision trees. Decision trees for pST and OSTDS damage can be found in
Supplemental sectionarenot describedhere indetail due to a lackof space to
include in manuscript.

Modeling of damage scenarios and cost functions for WWTPs
Since WWTPs consist of different components and the spatial extent is
larger than for pSTs and OSTDSs, we estimated flood damages based on a
damage degree, instead of individual damage scenarios. We used the
damage function approach for WWTPs as suggested in Sun et al. 102

USloss ¼ ð%DamageÞ � ðValue of WWTP Capacity
� �

Þ;

which is also used in FEMAHAZUS Flood Modeling for the estimation of
direct economic loss to utility system components due to flooding103, and
modified it to fit the context of our study. We required modifications,
because the WWTPs we considered in this study are smaller than the
WWTPs considered in HAZUS104. Hereby, economic damages (US$ loss)
for a WWTP are computed as the product of percent of damage (%
Damage) and the value of aWWTP. Based on the spatial ratio α of flooded
area to total area of the WWTP that we previously found with the quanti-
tative geospatial analysis, we assumed a corresponding flood depth and
percent of damage. For α<0:2 we assumed a flood depth of 0 ft and 0%
damage. For 0:2 ≤ α<1:0 we assumed a flood depth of 1 ft and an assumed
damage degree%Damage = 5%. For α ¼ 1:0 we assumed a flood depth of
3 ft and an assumed damage degree %Damage = 10%. These assumptions
can be considered conservative flood depths and damage degrees.We based
the value of a WWTP on the average construction costs of a WWTP in
dependence of its capacity (Supplementary Fig. 10). For WWTPs with
capacity lower than 0.1 MGD, we found construction costs for different
biological nutrient removal processes in dependence of different capacities
as used by the EPA105. Thereof, we computed average construction costs in
dependence of capacity, and with interpolation we determined the value of
our WWTPs in dependence of their capacities. For WWTPs of capacity
between 0.1MGDand 0.55MGDwe found the actual average construction
costs published106. All found monetary values were converted to 2022 US$.
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AssessingeconomicdamagesandeconomicCIEprotectionand
contamination prevention (CPCP) benefits providedby coral reef
restoration
For the estimation of economic flood damages and the projection of eco-
nomic flood protection benefits restored coral reefs can provide, we used
Monte Carlo simulations with 1000 iterations (Supplementary Fig. 11). We
used two different types of Monte Carlo algorithms, one for the estimation
of the present values of damages and CPCP benefits at different scales (per
kilometer of coastline, per county, total study area) and one other type for
the assessment of damages and benefits projected per storm return interval
(10-year, 50-year, 100-year, 500-year). The latter one becomes also relevant
for the computation of expected annual damages and benefits (refer to
paragraph “Expected annual damages and benefits“ below). The 460 km
long coastline was divided into 1 km wide coastal segments.

The algorithmtodetermine thepresent valuesper countyand studyarea
is described here. For each iteration, per year (ranging for year 0 to year T
(maturity)), we randomly chose a storm of a given storm return interval (10-
year, 50-year, 100-year, 500-year; no storm) and correspondingprobability of
occurrence (1/10; 1/50; 1/100; 1/500; 0.868).We assumed that if a storm hits,
every coastal segment of length 1 kmalong the coast can be affected. For each
pST and OSTDS within the flooded region, we chose a random respective
damage scenario based on previously determined damage probabilities, and
we randomly chose a value for occurring costs based on previously modeled
PERT distributions. For WWTPs we used previously determined economic
losses based ondamagedegrees.We then took the occurred damages for each
individualCIE and summedup the economicdamagesper regional scale (per
kilometer of coastline; per county; per study area). We repeated this proce-
dure for eachyear fromt = 0 tomaturity t=Tanddiscountedeachyearwith a
discount rate (see formula below). We then computed the present value of
damages PV Dð Þs;c;i and the present value of CIE protection and con-
tamination prevention (CPCP) benefits PV Bð Þs;i by summing up over the
damages, respective benefits of all T years with

PV Dð Þs;c;i ¼
X

T

t¼0

Dt

1þ rð Þt

 !

s;c

PV Bð Þs;i ¼ PV Dð Þs;current reefs;i � PV Dð Þs;restored reefs;i

Hereby s is the regional scale (per coastal segment, county, total study
area), c is the coral reef restoration scenario (current reefs, restored reefs), i is
the number of iteration, t is the time in years from year 0 to T (time of
maturity), and r is the discount rate.We used amaturity T of 30 years and a
discount rate r of 7% as it is commonly used by FEMA and the U.S. Army
Corps of Engineers. The U.S. federal discount rate was reduced from 7 to
3.1% in 2024, thus our results can be considered conservative.

The mean present value of economic damages PV Dð Þs;c describes the
flood damages to critical infrastructure that are estimated to occur over a
specified period of time, for a specified region, a particular state of coral reef
and assumed discount rate. The mean present value of economic CIE
protection and contamination prevention (CPCP) benefits (PV Bð Þs)
describes the amount of economic damages PV Dð Þs;c over a given time
period for a specified region that can be prevented from occurring with a
restored coral reef, compared to the present-day state of a coral reef
(“current reefs”).

The PV Dð Þs;c;i and PV Bð Þs;i were computed for three different scales:
per coastal segment of length 1 km, per county, and for the total study area.
We repeated this computation 1000 times (1000 iterations; for clarification:
damage scenarios and storm return intervals were randomly chosen based
on damage probabilities for each iteration), and then computed the mean
and standard deviation over these 1000 iterations to determine the mean
PV Dð Þs;c, mean PV Bð Þs, and corresponding standard deviations for dif-
ferent spatial ranges and coral reef restoration scenarios. All mentioned
monetary values were converted, or computed with, 2022 US$.

Expected annual damages and expected annual CIE protection
and contamination prevention (CPCP) benefits
Expected annual damages EADs are defined as the projected annualized
damages for a specified area arising from damaged critical infrastructure
and potential spills.We usedMonte Carlo simulations to compute expected
annual damages and expected annual CPCP benefits. Hereby we modified
the above-described Monte Carlo simulation by selecting a specific storm
return interval andby shortening the lifetime to only one year.We thenused
the average value per storm return interval to compute expected annual
economic damages and economic protection benefits with trapezoidal
integration based on Olsen et al.107:

EADs ¼
1

2

X

n

i¼1

1

T i

�
1

T iþ1

� �

� Di þDiþ1

� �

" #

s

;

with s being the scale (coastal segment, county, total study area), i repre-
senting the respective stormreturn interval (10-year, 50-year, 100-year, 500-
year).1/Ti is the respective annual exceedanceprobability (1/10, 1/50, 1/100,
1/500). Di represent projected mean damages per respective storm return
interval.

For expected annual CPCP benefits coral reef restoration can provide,
we computed the difference in predicted mean flood losses between a state
with present-day coral reefs and a state with restored coral reefs:

EABs ¼ EADs;current reefs � EADs;restored reefs

Both expected annual damages and expected annual CPCP benefits
were further computed for four additional types of parameters: (1.1) the
number of CIE projected to beflooded; (1.2) the numberofCIE projected to
be protected from flooding; (2.1) the estimated volumes of petroleum
products and the capacity of wastewater treatment at flood risk; (2.2) the
estimated volumes of petroleum products and the capacity of wastewater
treatment projected to be protected from flooding.

Discussion of uncertainties of quantitative geospatial analysis
In our model we assumed that floodplains remain constant over a lifetime
T = 30 years. Thismeans we assumed the state of current and restored coral
reefs also remains constant, and thus there is no degradation of coral reefs
over time. However, future continuous coral reef degradation can occur if
coral reefs are not restored and if the threats that killed the reefs in the first
place are notmitigated, and thiswould change thefloodplain corresponding
to the state of current reefs for a given year. Furthermore, climate change
impacts the severity of storm events, and a storm event of certainmagnitude
and annual exceedance probability can be classified as an event with lower
annual exceedance probability (10-year storm can become 5-year storm in
the future).

Discussion of uncertainties of Monte Carlo simulation model
There are 6 CIE factors that affect the CPCPbenefits per length of coastline:
(1) the number of CIEs per coastal segment, which is related to the popu-
lation density and type of CIE technology of amunicipality (i.e., centralized
wastewater treatment vs. OSTDS); (2) location of a CIE relative to thewave-
driven floodplains; (3) number of storm return intervals for which a CIE is
protected, as this affects the present value of CPCP benefits and expected
CPCP benefits; (4) type of CIE protected, as there are different repair and/or
replacement costs for different types of CIEs; (5) size of CIE affected, as the
costs for reparation/replacement of pSTs andWWTPs depend on size; and
(6) damage probabilities for a flooded CIE. In summary, the higher the
number of CIEs protected from flooding by reef restoration, the higher the
number of storm-return intervals forwhich aCIE is protected, the larger the
volume of pSTs or capacity of WWTPs, and the higher the damage prob-
ability for a CIE, the higher the CPCP benefits per coastal segment on the
benefits side of the benefit-cost-analysis.
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We further assumed for our Monte Carlo simulation that either no
storm or one storm of a random storm return interval can occur per year.
However, as statistics (fromNOAA)have shown, therehave been yearswith
2 storm events per year in same location. This would imply that annual
damages could be higher because the sum of storm damages of two events
per year are likely to be higher than only for one. Since our intention was to
conduct a conservative approach,wedecided to use only one stormper year.

Another aspect to consider is the spatial extent for which a storm causes
coastal flooding. In our model we assumed that if a storm occurs, the entire
coastline is affected. We decided to include the total study area, because our
intention was to model the distribution of damages and CIE protection and
contamination prevention benefits from the perspective of each coastal kilo-
meter along the coastline individually. Based on the analysis of previous His-
toric SLOSHmodels100, we are aware that the extent of storms can cause storm
surges of different spatial extent. We have experimented with different spatial
extents of storms, but instead of presenting the results from multiple models
with different assumptions, we focus on the results from themost transparent
assumption, i.e., that if a storm occurs, the entire coastline is affected.

Our results of the present value of damages and the present value of
CPCP benefits show a high standard deviation. This can be explained,
because the storm of certain storm return intervals are randomly selected
based on given probabilities. If one compares one run of a Monte Carlo
simulation in which one 500-year and one 100-year storm occurs, and
another run in which only two 10-year storms occur, it can be seen that the
sum of damages differs. Also relevant is the year the storm of a given storm
return interval occurs, as there are discounting effects. However, this result
visualizes very well the reality: if no storm event occurs, the coastal pro-
tection functionof a coral reef is not required.However, if a stormeventwith
coastal flooding occurs, damages occur within the short time frame of a
couple hours to days, and economic damages can be several million to tens
ofmillions of dollars. In these situations, the coastal protection function of a
coral reef is strongly beneficial.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper, the Supplementary Information and databases referenced therein.
The flood extents and depths that support the findings of this study are
available in Ref. 94 at https://doi.org/10.5066/P9ZQKZR9.

Code availability
ThedevelopedMatlab code for theMonteCarlo simulationwill be provided
upon request.
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