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This report is the second of three reports to be
released by TNC in collaboration with our part-
ners at AXA XL, CINVESTAV, and the University
of California, Santa Cruz. The reports are part of
a project aimed at assessing the feasibility for a
mangrove insurance product in the Gulf of Mexico
and Caribbean. In the first report, we document
the types of mangrove damages that may result
from hurricanes, the appropriate restoration tech-
niques to adequately restore damaged mangroves,
and the costs of these restoration efforts. In this
second report, we document the protective value
of mangrove forests in the study region. Finally, in
the final report, we aggregate information from the
first two reports and identify specific areas where
a mangrove insurance product would be most
cost-effective. We also summarize the efforts of
our market analysis in Mexico, Florida, and The
Bahamas and identify specific locations where
a mangrove insurance product could be piloted.
Tropical storms and hurricanes can cause signifi-
cant damages to mangroves and restoration costs
can be high. Financing these restoration activities,
through innovative solutions like an insurance prod-
uct, will be critical to ensuring that the protective
benefits of mangroves are sustained in the future.
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Executive Summary

Coastal ecosystems such as reefs and mangroves act as natural
barriers to waves and storm surge, reducing flood damages to peo-
ple and property. These ecosystem benefits are critical across the
Caribbean, where there have been substantial increases in storm risk
and extensive habitat loss over the past 30 years.

We assessed flood risk to coastal communities across the Caribbean
and identified the long-term benefits from mangroves and the return
on investment (ROI) of mangrove restoration for flood risk reduction.
We also developed a mangrove fragility curve that identifies potential
losses of mangrove habitats based on extreme wind speeds. Using
global asset data (2020 USD), we find that Mexico (6.26 billion),
TheBahamas (2.29 billion), and Florida (13.10 billion) had the highest
present value of flood reduction benefits from mangroves. Using high
resolution structure data and building-specific damage curves, we
estimate the present value of Florida mangroves for flood protection
as $50 billion (using a 4% discount rate). The average benefit-cost
ratio (BCR) of mangrove restoration for flood risk reduction across

the entire wider Caribbean was 0.3 (at a 4% discount rate over 30
years): some of the highest average BCRs were obtained in Mexico
(1.47), The Bahamas (1.52) and Florida (0.36).
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1. Introduction

Ecosystems provide benefits that society should
account for, but these services are rarely valued
rigorously, spatially, and most importantly in the
economic terms needed by investors and govern-
ment agencies (Bresch et al., 2010; Reguero et al,,
2018). The limited data on the benefits provided by
ecosystems and the cost to restore them has been
identified as a major impediment in the advance-
ment of ecosystem-based adaptation; Nature-based
Solutions; and Natural and Nature-Based Features
(FEMA, 2020; USACE 2021; IPCC 2019).

While mangroves are one of the most severely
degraded marine ecosystems, our ability to restore
these ecosystems at scale has increased significantly
over the past two decades. However, there is little
rigorous information regarding how to finance and
where to focus these restoration efforts. A recent
study suggests that global investment in the resto-
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ration of mangroves could return $11.8 billion by 2040
(Earth Security Group 2021).

Coastal ecosystems such as reefs and mangroves act
as natural barriers to waves and storm surge, reducing
flood damages to people and property. They also pro-
vide other co-benefits such as carbon sequestration or
food provisioning. These benefits are critical across the
Caribbean, where there have been substantial increases
in storm risk and extensive habitat loss over the past 30
years (Lange et al. 2021). To identify where mangrove
restoration could yield significant Return on Investment
(ROI), we build on recent work that rigorously values
the annual flood risk reduction benefits of coastal habi-
tats (Beck et al., 2018; Menéndez et al., 2020). We then
combine these updated flood risk reduction benefits of
mangroves with location-specific information on man-
grove restoration costs to assess the cost-effectiveness
of mangrove restoration and protection.
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2. Methods

2.1. Methods
overview

In this report we describe methods for assessing flood risk
to coastal communities, the long-term benefits derived
from mangrove presence, and the return on investment
(RO of mangroves for flood risk reduction. Our core
methods and results are based on the work in Menéndez
et al. (2020) and Beck et al. (2022). We have substan-
tially updated the data and results from Beck et al. (2020)
by: (i) assessing risk and benefits at a fine scale (5-km
study units) across the Caribbean; (ii) using very high res-
olution economic data for Florida from the U.S. National

Offshore
dynamics

IMPACT
WITH
MANGROVES

IMPACT
WITHOUT
MANGROVES

Offshore

Nearshore
dynamics

Structure Inventory (NSI); (iii) applying comprehensive
structure-specific flood depth damage curves from the
U.S. Army Corp of Engineers (USACE) to the NSI data
using the U.S. Federal Emergency Management Agency's
(FEMA) Flood Assessment Structure Tool (FAST); and
(iv) using new data on the costs of restoration across
Mexico, Florida, and The Bahamas.

The core assessment in this report is on coastal flood risk
and the value of mangroves for reducing this risk. The
report follows approaches developed with the World Bank
for assessing flood risk and the benefits of mangroves for
risk reduction. We combine probabilistic analysis of storm
hazards with process-based modelling of coastal flooding

Habitat Impacts | Consequences

Onshore

Nearshore

Figure 1: Key steps and data for estimating the flood protection benefits provided by mangroves. Step 1, Offshore dynamics:
Oceanographic data are combined to assess offshore sea states. Step 2, Nearshore dynamics: Waves are modified by nearshore
hydrodynamics. Step 3, Habitat: Effects of mangroves on waves and surge are estimated. Step 4, Impacts: Flood heights

are extended inland along profiles (every 1km) for 10-, 25-, 50-, and 100-year events, with and without mangroves. Step 5,
Consequences: The consequences to land, people, and built capital are estimated. (Adapted from Beck et al. 2019) ©PuntoAparte.
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and detailed exposure (people and property) data, with
and without mangroves. We estimate flood extents and
annual expected flood damages by assessing flooding
events of multiple return periods (10-, 25-, 50-, and 100-
year events). We examine flooding and socioeconomic
exposure, with and without mangroves. Then, by following
the Expected Damage Function approach (Beck et al.,
2016), we estimate the flood protection benefits provided
by mangroves based on the flood damages avoided to peo-
ple and property by keeping mangroves in place (Figure 1).

These methods have been applied in several previous
projects to assess the value of coral reefs for coastal pro-
tection globally (Beck et al., 2018) and to assess the value of
mangroves for coastal protection in the Philippines, Jamaica,
and globally (Losada et al., 2017; Menéndez et al., 2018;
Menéndez et al., 2020; Ortega et al., 2019).

2.2. Study site
and coastal
segmentation

We assess flood risk and mangrove benefits across
North America, with a focus on Mexico, Florida, and The
Bahamas. The flood risk analysis is assessed on different
spatial scales levels. The first level of analysis is at the
local scale for consideration of the social and economic
risk and benefits. In prior work we assessed risk and
benefits in 20-km study units. We now assess risk and
benefits at a substantially finer scale, i.e., in 5-km study
units. These study units extend up to 30 km inland, 10
km seaward and along the coast for ~5 km (Menendez et
al., 2020). A second level of this analysis was conducted
in Florida only, where higher resolution socioeconomic
data is available,on point-level infrastructure and asset
data, which were then summarized in administrative
boundaries, e.g., Census Block Groups.

In total, 121,000 km of coastline, including more than
31,000 km? of mangroves (approximately 29% of the
total global mangrove cover) were assessed across the
Caribbean. We used cross-shore profiles 1 km apart to
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model tropical cyclone driven waves and storm surge prop-
agation. Each profile contains the following information: (i)
profile slope (i.e., from mean water depth along the profile
at multiple distance intervals from offshore to shoreline);
(i) height of coral reef; (iii) total height and width of man-
groves. There are 2,170 profiles in Florida, 9,330 profiles in
Mexico, and 3,542 profiles in The Bahamas.

2.3. Coastal
flood modeling

2.3.1. Offshore dynamics

We used global offshore historical climate data (waves,
storm surge, sea level, and tropical cyclones) to model
offshore dynamics. The offshore dynamics are split into
two different categories: high intensity events (tropical
cyclones) and low intensity events (regular climate). Both
conditions are modeled separately but they share some
components such as the astronomical tide, which comes
from the Global Ocean Tides data set (GOT, (Ray, 1999)),
and mean sea level time series (from 1979 to 2010) at
100-km resolution. Other components, such as waves
and storm surge, are computed separately under high
intensity and low intensity events.

2.3.2. Nearshore propagation

Waves and storm surge driven by tropical cyclones are
calculated seaward of the mangrove habitat, at the most
offshore side of each cross-shore profile (head). We used
the parametric model developed by Menéndez et al. (2020)
to estimate wave height, wave period, storm surge, and
storm duration produced by each of the tropical cyclones
from IBTrACS database (Knapp et al., 2010) at the head of
each cross-shore profile. The input variables in the paramet-
ric model are the minimum distance between the cyclone
track and the target point; the maximum wind speed at the
minimum distance location; the angle between the cross-
shore profile and wind; and the average storm velocity. We
assume that deep water ocean dynamics produced by any
climate condition other than tropical cyclones are analyzed
as regular climate.



Coastal Flooding (90x90m)

With mangroves

Additional flooding if
mangroves are lost

Figure 2: Flooded area in Grand Bahama Island (The Bahamas) for a 10-year flood event from tropical cyclones. Blue area
represents the flood extent with current mangrove cover. Red area represents the additional flooding without mangroves.

2.3.3. Mangrove
hydrodynamic modeling and
flood height calculation

To transform waves and storm surge seaward of the
habitat into the total water level at the shoreline (flood
height), we need to account for the effect of mangroves
and coral reefs on wave energy and surge dissipation.
Flood height calculation is assessed using the relation-
ship (i.e., look-up-tables) developed by Menéndez et al.
(2020), where flow-habitat interaction is considered.
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2.3.4. Flood extent
calculation

To transfer the flood height into land, we used the GIS
“"bathtub” method. We used four return periods: 10,
25, 50 and 100 years. The minimum incidence rate is
marked by the limitation of some areas with a shortage
of extreme events, i.e., where there are no records of
frequent flooding. We used a hydraulically-connected
bathtub method to connect the points of the global
Shuttle Radar Topography Mission (SRTM) topography
(90 m horizontal resolution) that are below the water
level. Figure 2 is an example of this fourth step of the
methodology and shows coastal flooding produced by
tropical cyclones in The Bahamas for a 10-year event.
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2.4.
Socioeconomic
exposure,
damage, and risk

2.4.1. Caribbean-wide
resolution: Joint Research
Centre damage functions

The assessment of the consequences (risk) of the
loss of mangroves was measured in terms of people
and property damaged. Throughout this report, we
used stock and property interchangeably to mean the
physical buildings. Flood risk is the intersection of the
impact (flooding), exposure (population and property

Damage function:
Population and roads
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Flood Height (m)

25 3.0

in the flood plain area), and vulnerability (damage by
water depth level). We used the population data in
the Gridded Population of the World (GPW) from the
Socioeconomic Data and Applications Center (SEDAC)
at 1-km resolution and the distribution of residential and
industrial stock from the Global Assessment Report
(GAR15) at 5-km resolution. Population and stock data
were resampled to 90 m square pixels to match with the
flood layers distribution. We intersected the flood layer
and the socioeconomic data to identify people and stock
flooded at 90 m resolution.

We used depth-damage functions to quantify the losses
that would occur at various water depths to population
and stock (Figure 3). Population damage is based on
the hypothesis that water depths below 0.5 meters do
not affect people, while water depths above 0.5 meters
affect 100% of people flooded. Often damage functions
are not applied to estimate people impacted by flooding
(Hinkel et al., 2014). This option, however, overestimates
the people impacted, and it is recommended to identify
flooding thresholds below which the impacts of flooding
to people are negligible (Hallegatte et al., 2013). We set

Damage function:
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Figure 3: Generalized depth damage curves used throughout the Caribbean where data on structure types and country-specific

damage curves were not available.
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Figure 4: FEMA FAST/USACOE Depth Damage Functions. The flood depth-damage curves associated with the five most
common structure types flooded in the Florida project area. The percent values below each building type represent the percent
of total flooded structure represented by each structure type. While 34 structural types were flooded across all storm scenarios,

these five building types represent 83% of the sample.

this threshold at 0.5 m, which is a common value used
by emergency services (Japan, Netherlands, U.S.) in
determining when it is necessary to evacuate people. In
the case of stock, we adapted the “Global Flood Depth-
Damage Functions” from the Joint Research Centre (JRC)
broken down by continent (Africa, Asia, Oceania, North
America, South America and Central America) (Huizinga
etal., 2017).

The combination of damage curves and the distribution
of people and stock exposed to flooding gives us the
consequences for various severities of flooding, defined
here by return period. We then derived the Expected
Annual Values of flood. We integrate flood risk and
mangrove benefits by return period in the 5-km study
units across the region.
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2.4.2. Florida: High
resolution assessment
of economic risks and
mangrove benefits

In Florida, we did high resolution assessments of flood
risk and mangrove flood reduction benefits using data
from the NSI and USACE damage curves included in the
FEMA FAST (Figure 4). NSl includes point-level asset
data, which allows for economic calculations at very high
resolution. In the Florida project area (i.e., Florida coasts
with mangroves), there were 34 different building types
in the NSI database and each structure type was matched
with a specific flood depth-damage curve.



2.5. Mangrove
fragility curves

In the engineering and insurance sector, fragility curves re-
flect the probability of exceeding various levels of structural
damage—from no damage to complete structural failure—
from natural hazards such as earthquakes and storms. For
mangroves, we reviewed the literature for data that could
be used to describe their likelihood of failure during storm
events, i.e., their fragility curve. From an insurance perspec-
tive, these fragility curves are important for two reasons.
First, they can be used to adjust predictions of flood risk
and mangrove benefits. If mangroves fail in extreme events,
the flood risk will increase above predicted levels and the
predicted benefits from mangroves will decrease. Second,
storms are a major source of mangrove loss and this nat-
ural asset can be insured against these losses once these
failure rates can be reasonably identified and measured.
This second reason is the basis of the insurance for coral
reefs in Mexico (Beck et al., 2019; Secaira et al., 2019).
In this section we describe the methods to estimate the
annual expected mangrove loss in the Caribbean region, by
building synthetic tropical cyclone data and implementing
mangrove loss rates present in the literature.

Wind speed is directly correlated with mangrove loss. Two
studies have assessed the changes in mangrove extent
after tropical cyclones in Florida and the Caribbean (Han
et al., 2018, Taillie et al., 2020). Hurricane-induced losses
of mangrove habitat were assessed across the Everglades
National Park Mangrove Forest over several decades (Han
et al,, 2018) and across the Caribbean over the severe
hurricane season in 2017 (Taillie et al., 2020).

Taillie et al. (2020) also used a remote sensing analysis
to assess the relationship between storms and man-
groves, but over a more limited time frame. They used
an indirect measure of habitat change based on the
Normalized Difference Vegetation Index (NDVI). NDVI
quantifies vegetation by measuring the difference be-
tween near-infrared (which vegetation strongly reflects)
and red light (which vegetation absorbs). They assumed
that mangroves were damaged if the index score dropped
by 0.2 following a storm.
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The fragility curves developed from this NDVI approach
are focused more on vegetation damage and less on
the overall loss of mangroves. Their NDVI based curves
suggest major impacts to mangroves during even modest
hurricanes (Taillie et al., 2020). For example, they predict
that ~25% of mangroves would be damaged if maximum
wind speed reached just 100 km/h (i.e., less than a
Category 1 hurricane). In our experience, this prediction
represents a very high estimate of mangrove loss from
frequent events.

Han et al. (2018) assessed mangrove habitat loss and recov-
ery from several hurricanes over time. They used a relatively
direct measure of habitat loss and gain across multiple time
periods before and after major hurricane events. We used
Han et al. (2018) to extract the mangrove damage values
from the chart (Figure 5) and developed a regression to
describe the fragility curve (Equation 1).

We then ran an example assessment of how the data from
the fragility curve could be coupled with location-specific
wind speeds to identify the likelihood of damages to
mangroves across Mexico, Florida, and The Bahamas.
We recognize that environmental and hazard managers
and in particular insurers might use their own wind speed
data to update this assessment.

We estimated the annual expected mangrove loss at
different locations across the Caribbean by developing a
large sample of historic tropical cyclones passing through
the study area. The historical storms database alone,
based on IBTrACS v4, did not include enough events
for an accurate probabilistic assessment of wind speed.
Therefore, we developed a stochastic simulation of the
historical tropical cyclones (TC) to increase the sample
size from 170 years (1851-2020, including 1,140 storms)
up to 1,000 years (including 6,635 storms). We used the
TCWISE model from Deltares (Nederhoff et al., 2021). The
TCWISE model simulates synthetic tropical cyclone tracks
for statistically reliable wind and pressure estimations. The
tool uses the method of Empirical Track Modelling (ETM)
to generate the synthetic cyclone tracks from their genesis
to termination points with 3-hourly intervals. The cyclone
track is determined by the coordinates of the cyclone eye,
the heading, and forward speed. The cyclone intensity
is determined by maximum sustained wind speed. This
results in a set of synthetic tropical cyclones with the di-



rection of the track, the forward speed and the maximum
sustained wind speed at each time step. When a tropical
cyclone is over land, the maximum sustained wind speed
decreases exponentially based on Kaplan and DeMaria
(1995). Overall, there is good agreement with the spatial
distribution of tracks between the observational record
(IBTRACS V4) and the TCWISE model (Figure 5).

Because local wind speed will have a direct effect on man-
grove damage, we combined study units into subregions
(Figure 6) and analyzed the tropical cyclone activity in
each. We divided Florida into 11 subregions, Mexico into
6 subregions, and The Bahamas into 10 subregions.

We calculated the maximum wind speed of synthetic
storms crossing each of the subregions. Time series of
1,000 years long of maximum wind speed were recon-
structed for each subregion.

Given maximum wind speed time series, we applied the
regression formula (Equation 1) to calculate the time
series of mangrove damage. Then we fitted the data to
a Pareto-Poisson distribution to obtain the percent of
mangrove loss per return period in each subregion. Finally,
we integrated the curve across all return periods to obtain
the annual expected percent of mangrove loss. The full
methodology is described in Figure 7.

. il
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Historic storms based
on IBTRACS V4

Pacific
Ocean

. il

1,000
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TCWISE model

Pacific
Ocean

[Sea)

Figure 5: Historic tropical cyclones based on IBTrACS V4 (top panel) versus synthetic tropical cyclones generated with TCWISE model (bottom panel).
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A boat glides through coastal mangroves in the Reserva de la Biosfera la Encrucijada near the town of Salto De Agua, Chiapas, Mexico. © Mark Godfrey/TNC
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Step 1

Simulated storms

Step 2

Synthetic maximun wind speed (time series)

Step 3

Fragility curve

170 YEARS HISTORICAL EVENTS (1,140 STORMS)

Historic storms based on IBTrACS V4

w

1,000 YEARS SIMULATED EVENTS (6,635 STORMS)
Synthetic storms using TCWiSE

Figure 7: Methodology used to assess Annual
Expected Damage to mangroves by using synthetic
storms. Step 5 depicts results for only 4 of the 27
subregions that were analyzed.
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3. Data

3.1. Climate data

3.1.1. Tropical cyclones

The data sets on tropical cyclones and waves provide lo-
cally specific information from more than 7,000 historical
cyclones globally (Knapp et al., 2010). The International
Best Track Archive for Climate Stewardship (IBTrACS)
data set contains 6-hour information on tropical storms
(winds between 63 km/hour and 119 km/hour) and
tropical cyclones (winds above 119 km/hour) in different
ocean basins (ftp://eclipse.ncdc.noaa.gov/pub/ibtracs/

v03r10/all/shp/). Each tropical storm is characterized
by maximum wind speed at the eye of the storm (wind
max) and track evolution with time (Lon, Lat, Time). The
IBTrACS database includes information from different
regional, national, and international agencies (e.g., NOAA,
Japan, and Australia meteorological agencies). The het-
erogeneity of the data sources that feed into IBTrACS
database produce high variability in the temporal and
spatial coverage across ocean basins. Tropical cyclone
data at the North Atlantic basin starts in 1855.

3.1.2. Waves

Waves under regular climate conditions (low intensity
events) are obtained from the new global reanalysis
GOW 2 (Global Ocean Waves, Perez et al., 2017), an
update of GOW 1, (Reguero et al., 2012) that increases
the accuracy of extreme events. GOW 2 provides hour-
ly data of waves from 1979 to 2016 globally at 0.25°
resolution. It contains historical time series of wave
height (Hs), wave period (Tp, Tm) and wave direction
(Dp, Dm). The authors used the WaveWatch Il model
(Tolman, 2014) forced with a global atmospheric reanal-
ysis CFSR (Climate Forecast System Reanalysis), from
NCEP (National Centers for Environmental Prediction)
Climate Forecast System Reanalysis (Saha et al., 2010).
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Wave time series were validated with buoys and satellite
data. In case of tropical cyclone conditions, waves are
calculated nearshore by using the parametric formula
from Menendez et al. (2020).

3.1.3. Storm surge

Storm surge data under regular climate conditions are de-
rived from the reanalysis series created from the Dynamic
Atmospheric Correction (DAC) and from the pressure
fields of the NOAA-CIRES Twentieth Century Reanalysis
Project (Compo et al., 2011). The DAC database provides
an hourly time series of storm surge data from 1871 to
2010 at 22 resolution globally (Cid et al., 2017). These
data lack temporal and spatial accuracy to capture storm
surge driven by tropical cyclones. Therefore, storm surge
produced by tropical cyclones is calculated in the same
way as waves, by using the storm surge formula from
Menendez et al. (2020).

3.1.4. Astronomical tide

The astronomical tide is obtained from the Global Ocean
Tides (GOT) database, with a resolution of 25 km and
time length from 1900 to 2100 (ihdata@ihcantabria.
com). It includes an hourly time series of sea surface

elevation driven by the gravitational interaction between
the Earth, moon, and sun.

3.1.5. Mean sealevel

The data set of historical time series of mean sea level
(from 1950 to 2010) includes observations on variations
in mean sea level on a monthly basis at a scale of 100 km
(Church et al., 2004). TOPEX/Poseidon satellite altimeter
data are used to estimate global empirical orthogonal
functions that are then combined with historical tide
gauge data.


ftp://eclipse.ncdc.noaa.gov/pub/ibtracs/v03r10/all/shp/
ftp://eclipse.ncdc.noaa.gov/pub/ibtracs/v03r10/all/shp/
mailto:ihdata@ihcantabria.com
mailto:ihdata@ihcantabria.com

3.2. Habitat data

3.2.1. Mangroves

This study uses one global data set for mangrove cov-
er—the Global Mangrove Partnership Data, which was
created in 2010 for the World Atlas of Mangroves (Spal-
ding, 2010) and covers 98.6% of all mangrove forests.
These data show the global distribution of mangroves,
and was produced as a joint initiative of the Internation-
al Tropical Timber Organization (ITTO), International
Society for Mangrove Ecosystems (ISME), Food and Agri-
culture Organization of the United Nations (FAO), United
Nations Environment Programme World Conservation
Monitoring Centre (UNEP-WCMC), United Nations
Educational, Scientific and Cultural Organization’s Man
and the Biosphere Programme (UNESCOMAB), United
Nations University Institute for Water, Environment and
Health (UNUINWEH) and The Nature Conservancy
(TNC). Major funding was provided by ITTO through a
Japanese Government project grant and the project was
implemented by ISME.

3.2.2. Coral reefs

We used global distribution data of coral reefs (Spalding,
2010), which was updated by Burke at al. (2011). These
data provide spatial distribution of reefs, but they do not
include bathymetry. We associated a friction coefficient
to the Caribbean coral reefs based on the conservation
status of coral reefs (Nunes & Pawlak, 2008) and the
friction coefficient table of Sheppard et al. (2005). We
used a friction coefficient of 0.14 along the Caribbean.
The water depth at the reef crest was obtained from
Sea-Viewing Wide Field-of-View Sensor (SeaWiFS)
bathymetry (https://oceancolor.gsfc.nasa.gov/cgi/reefs.

pl), which has been specifically developed in coral reef
areas globally (Robinson et al., 2000).
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3.3. Bathymetry
and topography
data

Collecting good bathymetry and topography data is critical
for these type of flooding analyses (Beck et al., 2022; World
Bank, 2016). The availability and quality of bathymetry
and topography data sets varies greatly across the world.
We aimed to use the best available global data to reduce
uncertainty in the coastal protection valuation.

Accurate bathymetry of shallow nearshore coral reefs
in tropical countries is critical for predicting flooding
because the reefs help dissipate wave energy, resulting
in less wave energy reaching mangrove shorelines. With
a spatial resolution of 1 km, SeaWiFS bathymetry is the
most accurate database for coral reef bathymetry global-
ly. Therefore, for bathymetry, we combined SeaWiFS with
the General Bathymetric Chart of the Oceans (GEBCO)
1:1.6 km resolution (1 arc min) global topobathy database
to obtain a hybrid mesh with high quality water depth
values nearshore.

Adequate flooding analyses require high resolution
topography data, or a Digital Terrain Model (DTM).
For topography, we used the Shuttle Radar Topography
Mission (SRTM), which at 90x90 m horizontal resolution,
which was the best available DTM global elevation data.
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3.4.
Socioeconomic
data (Caribbean
wide)

3.4.1. Property data

We estimated the property value in the floodplain area as
the sum of two spatial distributions of stock (industrial
and residential). The spatial distribution of residential and
industrial stock are from the Global Assessment Report
on Disaster Risk Reduction database (GAR15) (Desai et
al.,, 2015) and is at a spatial resolution of 5 km worldwide,
with a 1 km detailed spatial resolution in coastal areas.
The GAR15 data is based on 2010 economic data from
the World Bank Changing Wealth of Nations report (De
Bono & Chatenoux, 2015). The variables included in the
database are number of residents and economic value
of residential, commercial, and industrial buildings (De
Bono & Chatenoux, 2015). The GAR15 database follows
a top-down approach using geographic distribution of
population and gross domestic product (GDP) as prox-
ies to distribute the rest of the socioeconomic variables
(e.g., income, education, health, building types). These
national-level variables on socioeconomic characteristics,
building type, and capital stock are transposed onto 5x5
km or 1x1 km grids (UNISDR 2015). The study downscaled
residential and industrial stock data from the GAR15 in
the following manner:

1. For each point of the GARI15 layer, the total pop-
ulation was calculated. Eight fields were added
together: high, medium high, medium low and low
income for both rural and urban populations.
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N

In each point of the GAR15 layer, total residential
building stock was calculated. Eight fields were added
together: high, medium high, medium low and low
income for both rural and urban residential stock.

3. In each point of the GAR15 layer, residential stock
per capita was calculated by dividing residential
stock by adjusted population.

4. A raster layer was created for residential stock per
capita. Inverse distance weighted interpolation was
used for the creation of this raster.

5. Finally,usingthe population raster from WorldPop (100
m resolution) the residential raster layer was calcu-
lated by multiplying residential stock per capita and
population (Tatem 2017). A scale verification was
done, checking that the sum of residential stock
from the GAR15 layer was the same as the sum
of residential stock raster layer created. Industrial
stock data were downscaled similarly.

3.4.2. Damage functions: JRC

The sensitivity of people and stock to different levels of
flooding was obtained through damage functions (Figure
3). Damage functions provide information on assets af-
fected by coastal flooding as a function of water depth.
For stock, we adapted the “Global Flood Depth-Damage
Functions” from JRC broken down by continent and by as-
set type: residential and industrial (Huizinga et al., 2017).
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Figure 8: Comparing Asset Data in National Structure Inventory (NSI) and GDP-Global Assessment on Risk (GAR). There is
high correlation in the spatial distribution of economic assets in these two databases (r=0.78). However, the overall values are
significantly different, with NSI identifying much greater total value in Florida. Both datasets are displayed at GAR's native 1km

resolution and shown with 10 category quantiles.

3.5.
Socioeconomic
data (Florida)

3.5.1. Property data: NSI

The existence of high-resolution asset data in Florida
allowed for the calculation of risk at the building level.
We used the NSI to calculate risk to over 7 million indi-
vidual structures across Florida. In addition to high spatial
accuracy and reasonable completeness, NSI includes
attributes that allow for more specific application of
structure-specific depth-damage curves. A comparison
of the total values and spatial distribution of values in NSI
and GAR is shown above (Figure 8).
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3.5.2. Damage functions:
FEMA FAST

The Flood Assessment Structure Tool (FAST) is a FEMA
tool for evaluating expected building and content value
loss as a function of flood depth. When used in conjunc-
tion with the structural attributes of NSI, it allows for
the application of depth-damage functions from USACE
that are structure-specific, leading to a more accurate
loss calculation.

For each storm return period, NSI data was run through
FAST, calculating expected loss on a per-building level.
The point-level asset data was then aggregated into
meaningful geographies, including 5-km study units
and Census Block Groups. Annual Expected Benefit was
calculated using the methodology in Menendez (2020).



3.60. Cost
of mangrove
restoration

In this report, we describe the costs of mangrove resto-
ration across the wider Caribbean region, with a particular
focus on Mexico, Florida, and The Bahamas. TNC provided
mangrove restoration costs in Mexico, Florida, and The
Bahamas based on location-specific mangrove restoration
case studies and literature reviews (Herrera-Silveira et al.,
2022). We used location-specific mangrove restoration
costs for these three areas and another value to assess
BCRs across the remainder of the study region.

Mangrove restoration costs in Florida were divided into
two regions: western and eastern Florida. Eastern Flori-
da covers the coastline from Jacksonville to Miami and
includes all of the Florida Keys. Western Florida includes
the coastline from the Ten Thousand Islands area north
to Tampa. The highest mangrove restoration costs were
reported in eastern Florida. The median restoration cost

of the 16 projects included in the analysis for eastern Flor-
ida was $118,524 per hectare. The 27 projects in western
Florida resulted in a median value of $54,653 per hectare.
In Mexico, 16 projects were considered, with a median
restoration cost of $4,538 per hectare. The median cost in
the Bahamas across 5 projects was $35,955 per hectare.
The summary of all the mangrove restoration costs is
included in Table 1.

In addition to the values provided by TNC, previous stud-
ies assessed data on restoration costs from 72 projects
in the Caribbean (Narayan et al., 2019). These data were
obtained through a systematic literature review of the
reported costs of mangrove restoration projects in the
region. This analysis was an extension of other reviews
conducted by Bayraktarov et al. (2016) and Narayan et al.
(2016). All costs were calculated per hectare. The median
mangrove restoration cost in all other Caribbean regions
was $23,000 per hectare.

There are several factors that determine the costs of
mangrove restoration projects, and costs per hectare are
typically lower for larger restoration projects. In general,
the factors influencing the costs of mangrove restoration
projects are: (i) the costs of land and permitting; (ii) the

Mexico Western Eastern The All Other
Florida Florida Bahamas Caribbean
High
75t percentile $9,942 $115,098 $198,720 $53,843 -
Low $1,865 $13,659 $70,941 $33,097 -
25 percentile ! ’ ! !
Median $4,538 $54,653 $118,524 $35,955 $23,000

Table 1: Mangrove restoration costs in Mexico, Florida, and the Bahamas (in 2020 USD per hectare). High values correspond to
the 75t percentile or above and low values correspond to the 25" percentile or below. Source: Herrera-Silveira et al., 2022 and

Narayan et al., 2016.
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costs of obtaining and transporting the material; (iii)
the costs of designing and constructing the project,
and; (iv) the costs of monitoring and maintaining the
project post-construction (Narayan et al., 2019). Since
mangrove restoration happens in the intertidal zone, the
availability and price of land and the necessary permits
are an important factor influencing costs. Another factor
that influences costs is the restoration technique. Res-
toration by planting mangrove saplings can be cheap
particularly if these projects also make use of local, vol-
untary labor. Projects involving hydrological restoration
can be more expensive due to the need for specialized
equipment, labor, and the purchase and transportation
of sediment. Maintenance and monitoring are also im-
portant cost components, though often not reported in
restoration projects. We find that specific maintenance
actions, such as fencing restoration sites to reduce dis-
turbance can significantly add to overall project costs
(Narayan et al., 2019).

3.7. Present Value
and Benetfit to
Cost Ratios

In this analysis, we estimated the Present Value of
mangroves across the wider Caribbean region at the 5
km level. The countries and states that it was possible
to include in the full analyses were Mexico, Florida, The
Bahamas, Belize, Cuba, Dominican Republic, Jamaica,
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Anguilla, Antigua and Barbuda, Colombia, Costa Rica,
Dominica, Grenada, Guatemala, Haiti, Honduras, Nica-
ragua, Panama, Santa Lucia, Trinidad and Tobago, Turks
and Caicos, U.S. Virgin Islands, and Venezuela.

We calculate the Present Value of mangroves as the sum
of Annual Expected Benefits over a 30-year project life-
time using a discount rate of 4% or 7%. The BCR reflects
the overall relationship between the costs of a proposed
mangrove restoration project and the anticipated flood
protection benefits (or future avoided losses).

To estimate restoration benefits, we assume that future
restoration benefits will be similar to current flood risk
reduction benefits per hectare within each study unit. This
assumption is conservative because it applies the average
value of benefits for all mangroves in a study unit. In reality,
a mangrove restoration project for flood risk reduction would
be sited and designed to maximize flood risk reduction (or at
least perform better than average) in a study unit.

Using data on mangrove benefits (Present Value) and
restoration costs, we calculated BCR for each study unit. In
addition, we calculated mangrove benefits per hectare for
each study unit. We mapped the data in ArcGIS to visualize
spatial differences in BCR and PV per hectare.

We assume that mangrove restoration projects represent
a 30-year coastal infrastructure asset. We apply two
different discount rates across this project lifetime: 4%
and 7%. Four percent is consistent with values we are
using on project assessments with the World Bank. Seven
percent is consistent with recommended discount rates
for FEMA projects.



A mangrove outbreak under the Milky Way fights to survive desertification in the north of Quintana Roo, Mexico. © Carlds Gustavo Blanco Matus/TNC Photo Contest 2021.



4. Results

4.1. Caribbean-wide analysis of
Present Value, BCR of mangrove
restoration for flood reduction
and Annual Expected Benetits
to people (5-km study units)

We estimated the Present Value of mangrove assets and
compared these benefits to potential costs of restoration
across the Caribbean. We provide graphs and maps of the
key results at the 5 km level across the region and then
summarize the key results by country in Table 2.

4.1.1. Flood damage by storm

Present Value and BCR are based on the Annual Expected
Benefits of mangroves. For a better understanding of the
flood protection service across different storm scenarios,
we show economic losses with and without mangroves
under four return periods (10-, 25-, 50-, and 100-year
event). In western Florida, damages with and without
mangroves increase at the same rate as the return peri-
od increases (Figure 9, a), which means that mangroves
provide almost the same protection for different storm
events. Conversely, in eastern Florida mangroves provide
greater benefits under the most intense storm conditions
(Figure 9, b), same as in The Bahamas (Figure 9, d) and
Mexico (Figure 9, c), where benefits are more remarkable
under the most extreme events.
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4.1.2. Present Value
of mangroves

The mean 30-year Present Value per hectare of man-
groves across the wider Caribbean within 5-km study
units was $8,094 per hectare, at a 4% discount rate
(Figure 10 and Table 2). The total Present Value of man-
groves across the Caribbean is $25.17 billion. The top five
regions in terms of Present Value of mangroves for flood
protection are Mexico ($6.26 billion), Florida ($13.10
billion), The Bahamas ($2.29 billion), Cuba ($1.24 billion),
and Guatemala ($0.42 billion).

Among the three focal areas, The Bahamas presents
the highest mean Present Value per hectare ($54,570)
followed by Florida ($34,680) and Mexico ($6,659).
However, there are four other countries where the
mean Present Value per hectare of mangroves exceeds
$10,000: Antigua and Barbuda, Jamaica, Guatemala and
US Virgin Islands.
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Figure 9: Flood damage with mangroves (blue line) and without mangroves (red line) per return period across (a) Western
Florida, (b) Eastern Florida, (c) Mexico and (d) The Bahamas.
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Figure 11: Present Value of mangroves at 7% discount rate for 30 years, per 5 km coastline.

At a discount rate of 7%, the mean 30-year Present Value per  billion), The Bahamas ($1.66 billion), Cuba ($0.90 billion), and

hectare of mangroves across the wider Caribbean in 5-km
study units was $5,877 per hectare (Figure 11 and Table 2).
Among the three focal areas, The Bahamas presents the
highest mean Present Value per hectare ($39,625), followed
by Florida ($25,183), and Mexico ($4,835). The total Present
Value of mangroves across the Caribbean is $18.28 billion.
The top five regions are Florida ($9.50 billion), Mexico ($4.55

Building Mangrove Capital

Guatemala ($0.31 billion).

We identified sever 5-km study units where the Present
Value of mangroves exceeds $500 million (using 4%
discount rate). These included five study units in Florida,

around Miami—Hemestead andPert-St-tueig and two

islands in The Bahamas.
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Figure 12: Annual Expected Benefits to people.

4.1.3. Annual Expected
Benefits to people

We also assessed the social impact of coastal flooding
and the benefits mangroves provide by protecting people
(Figure 12 and Table 2). The greatest Annual Expected
Benefits to people are observed in Florida, where 191,820
people receive direct flood protection from mangroves
every year; followed by Mexico (110,243 people), Jamai-
ca (49,198 people), Cuba (44,857 people), Venezuela
(25,219 people) and Colombia (24,868 people). The total
number of people protected from flooding by mangroves
across the Caribbean is 533,187. We identified five 5-km
study units in Cape Coral and Tampa (Florida), Venezuela,
Jamaica and Colombia, where more than 10,000 people
are protected from flooding by mangroves (Figure 12).

4.1.4. Benefit: Cost analysis

The average BCR of mangroves across the Caribbean in
5-km study units was 0.3 at a discount rate of 4% for 30
years (Figure 13 and Table 2). At a discount rate of 7%
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for 30 years, the average BCR of mangroves across the
wider Caribbean in 5-km study units was 0.22 (Figure 14
and Table 2).

We analyzed the BCRs in Mexico, Florida, and The Baha-
mas using the median restoration cost per hectare for each
country. In these three regions, we identified a significant
number of opportunities for cost effective restoration.
Among these areas, The Bahamas had the highest average
BCR (1.52 at a 4% discount rate and 1.10 at a 7% discount
rate), followed by Mexico (1.47 at a 4% discount rate and
1.07 at a 7% discount rate), and Florida (0.36 at a 4%
discount rate, and 0.26 at a 7% discount rate).

Some of the locations with the highest BCRs (>5) include
Tampico, Campeche, Cancun, Puerto Morelos, Playa del
Carmen, and Chetumal in Mexico; Fort Pierce, Jupiter,
Miami, Homestead, Englewood, Osprey, and Palm Harbor
in Florida; and Nassau, Grand Bahama, and Andros Town
in The Bahamas.
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Figure 13: BCRs of mangroves at a 4% discount rate for 30 years. Values are the ratio between the Present Value (PV) of restored
mangroves as an infrastructure asset assuming a 30-year project with a 4% discount rate, and the restoration costs. Benefit values
are based on Menendez et al. (2020). We assume a median restoration cost of $4,538 per hectare in Mexico, $54,653 per hectare
in western Florida, $118,524 per hectare for projects in eastern Florida, and $35,955 per hectare across The Bahamas. Everywhere
else we assume a value of $23,000 per hectare. The BCRs are summarized in 5 km coastal study units (see methods).

{
-~ - ﬂ »2—’2:"-‘2;! | A
Car =~ - '
United States e e ';3:' P @@E = ; e
Ml S o 25 L Atlantic
S d “};} M Ocean
r
" Benefit to
Cost Ratio
lorida
| . 25— @)
N SN
& P 10-15—@
,‘\\ : . ¥ TheBahamas 5-10—@
® : 3-5—e
Gulf of e 4~ \? 13—
Mexico ' \“’ o K >4
i} ¥

P

/ \ pe
I: /fm“
e,
- =, T™ .=
: 22 ~ b

(J Tl oy - V:\H’K‘

L © = i :
g { e A .

: N
T Wb T %%%
* . }\ 3, Ny

Caribbean ..

| ® 'f
.\ . . Sea
- )/ e

Figure 14: BCRs of mangroves at a 7% discount rate for 30 years. Values are the ratio between the Present Value (PV) of restored
mangroves as an infrastructure asset assuming a 30-year project with a 4% discount rate, and the restoration costs. Benefit values
are based on Menendez et al. (2020). We assume a restoration cost of $4,538 per hectare in Mexico, $54,653 per hectare in
Western Florida, $118,532 per hectare for projects in Eastern Florida, and $39,599 per hectare across The Bahamas. Everywhere else
we assume a value of $23,000 per hectare. The BCRs are summarized in 5 km coastal study units (see methods).
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4% discount rate for 30 years

Country Hectares of Median Present Present  Benefit to Annual
Mangroves Mangrove Value Valueper Cost Ratio Expected

Restoration (USD Hectare People

Cost (USD/ million) (USD) Protected

hectare)

Anguilla 432 23,000 2.31 5,343 0.23 0
Antigua and Barbuda 773 23,000 581 75175 3.27 312
Bahamas 41908 35,955 2,286.90 54,570 1.52 21,027
Belize 74,480 23,000 338.04 4,539 0.20 5,044
Colombia 389,980 23,000 123.90 318 0.01 24,868
Costa Rica 49,457 23,000 314.97 6,369 0.28 9,810
Cuba 441,610 23,000 1,243.04 2,815 0.12 44,857
Dominica 159 23,000 0.69 4,367 0.19 0
Dominican Republic 23,685 23,000 197.77 8,350 0.36 4,156
Grenada 191 23,000 0.04 189 0.01 0
Guatemala 27,827 23,000 42371 15,227 0.66 5,553
Honduras 124,590 23,000 23.72 190 0.01 4,828
Haiti 17,588 23,000 21.26 1,209 0.05 19,600
Jamaica 10,060 23,000 155.09 15,417 0.67 49,198
Saint Lucia 170 23,000 0.00 0 0.00 0
Mexico 940,170 4,538 6,260.61 6,659 1.47 110,243
Nicaragua 73,906 23,000 386.88 5,235 0.23 6,129
Panama 141,490 23,000 235.68 1,666 0.07 9,077
Turks and Caicos 3,430 23,000 3.25 948 0.04 701
Trinidad and Tobago 6,286 23,000 0.33 53 0.00 745
US (Florida) 377,100 97,580 13,077.83 34,680 0.36 191,820
Venezuela 364,790 23,000 18.75 51 0.00 25,219
US Virgin Islands 172 23,000 2.07 12,017 0.52 0
All Caribbean 3,110,082 27109  25,172.86 8,094 0.30 533,187

Table 2: Summary table highlighting extent of mangrove forests, restoration costs, present value, and benefit cost ratios at 4%
and 7% discount rates for a 30-year period, and people protected across 23 geographies in the wider Caribbean.
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4.2. Florida: High resolution
assessment of economic risks
and mangrove benefits

Figure 15: Annual Expected Benefits of
mangroves for flood reduction to property by

Census Block Group across Florida using NSI pr-
data and USACE depth-damage curves with =
the FEMA FAST tool. There are some benefits ;"_',
around Lake Okeechobee because there was ¥
some flooding observed far inland in the most 'E“" '
extreme event in the global flood model that
was reduced by mangroves. = FLORIDA
%a
-

4.2.1. Annual Expected s
Benefit and Present '
Value of mangroves

using NSI data

In Florida, we used the high-resolution NSI
data and the FEMA FAST tool with the USACE
structure-specific depth-damage curves to
assess flood risk and mangrove benefits across Gulfof
the state. These high-resolution data allow Mexico
us to assess variation in risk and benefit at a
variety of scales relevant to decision-making.
Figure 15 and Figure 16 illustrate results at
the Census Block Group, but other relevant
units are possible including municipalities and
county. i1

Using NSI data and better depth-damage ’
curves, the Annual Expected Benefit of man- '
groves was calculated at $2.7 billion per year
statewide. Applying discount rates of 4% and

7% for a 30-year period, NSl yields a statewide
Present Value of mangrove benefits at $50

billion and $37 billion, respectively.
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Figure 16: Annual Expected Benefits of mangroves for flood reduction
to property around Miami, Florida. Results are summarized at the
Census Block Group level using NSI data and USACE depth-damage
curves with the FEMA FAST tool. Inland benefits arise for numerous
reasons based on the distribution of mangroves, waterways, and
building values and also because benefits arise from the difference in
flood extents and heights; sometimes areas near the coast are flooded
both with and without mangroves.
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Figure 17: Present Value per hectare of mangroves for 5-km study units in Florida, based on NSI and FEMA FAST, using a 4%
(panel a) and 7% (panel b) discount rate over a 30-year period. Average values per hectare are low in some areas, particularly
in southwest Florida where the total asset value is low and the total abundance of mangroves is high within the study units.

We also summarized the results in the 5-km study units.
We identified areas with mangroves across more than
100 kms of coastline in Florida where the Present Value
of mangroves exceeds $1 million per hectare, based on
NSI data and USACE depth-damage curves using a 4%
discount rate and 30-year period (Figure17, a).
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The results with a 7% discount rate and 30-year peri-
od, are similar, with 90 kms of coastline valued at over
$1 million per hectare (Figure 17, b). These highly valuable

mangrove forests exist along the coast of central and
southern Florida.
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Figure 18: Benefit cost ratios (BCR) of mangrove restoration projects in Florida at 4% (left) and 7% (right) discount rates for
30 years. Results are presented in 5-km study units. BCRs are low in some areas where mangroves are very abundant and total
asset value is relatively low (e.g., southwest Florida). The addition of a hectare of mangroves in these areas has only marginal
value on average. However, if strategically placed in front of key assets, mangroves could have high benefits even in these areas.

4.2.2. Benefit to Cost Ratios
using NSI data

We used the NSI results and the project cost data pre-
sented earlier (Table 1) to assess the BCRs for mangrove
restoration in Florida, assuming a 4% discount rate and a
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fixed 30-year return period. For the median cost estimate
($54,653 per hectare in western Florida, $118,524 per
hectare in eastern Florida), this yielded 33 5-km study
units distributed across southern and central Florida and
the Florida Keys, where mangrove restoration is likely to
be cost effective (Figure 18).

28

Atlantic
Ocean

3


martha.rogers
Sticky Note
In the color scheme, use a different color for segments with a Benefit to Cost ratio of ">0-1" than the other four non-zero categories. 


B

4.3. Using fragility curves to assess
likelihood of mangrove loss to storms

We used the data in Han et al. (2018) to identify mangrove damage values (Figure 19, panel A and B) and developed
a regression analysis to describe the fragility curve (Equation 1). We found a positive correlation between wind speed

and percent of mangrove loss (Figure 19, panel C):

D(%) = 0.0026 - Wind(knots) — 0.1242 if Wind > 60knots Eq., 1
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Figure 19: The mangrove fragility curve was developed using original data from Han et al. (2018) that shows changes in
mangrove forest area after 9 tropical cyclones (A); values derived from (A) connecting damage and wind speed (B); and linear
regression between wind speed and mangrove loss (C).
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Annual Expected Damage to Mangroves
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Figure 20: Annual Expected Damage of mangroves (%) produced by tropical cyclones in Florida (green), Mexico (blue),

and The Bahamas (yellow).
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Figure 21: Annual Expected Damage of mangroves (%) produced by tropical cyclones at the regional subdivisions across Florida

(green), Mexico (blue), and The Bahamas (yellow).

Based on the fragility curve expressed in Equation 1 and
spatial variation in predicted storm wind speeds, we
estimated the likely annual expected loss of mangroves
from storms across Mexico, Florida, and The Bahamas.
Predicted storm losses of mangroves varied (Figure 20),
with the highest percent losses in The Bahamas (6.8%),
followed by Mexico (3.8%), and Florida (3.8%).

There is substantial variability in the Annual Expected
Damage to mangrove habitats across the 27 subregions
in Mexico, Florida, and The Bahamas (Figure 21). In
Mexico, the Central region of Quintana Roo experienc-
es 6.85% of annual mangrove loss, while only 1.4% of
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mangroves in Campeche are expected to be damaged
by tropical storms. Expected losses in Florida were es-
pecially variable: study units in Martin, St. Lucie, Indian
River, and Brevard counties had expected losses of
mangroves of 7.9%, while study units in Manatee, Hill-
sborough, Pinellas, and Volusia counties had much lower
predicted annual losses of mangroves of approximately
1.4%. In The Bahamas, all the islands have more than
4% of expected losses. The highest damage is expected
to happen in Exuma and Long Island (7.9%), followed by
Crooked Island (7.8%). The island of New Providence
where the capital, Nassau, is located had 7.2% Annual
Expected mangrove loss.
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5.Discussion

There are many opportunities for investments in man-
groves given their substantial flood protection benefits,
wide distribution and relatively cheap costs of resto-
ration. In these analyses we show that mangroves across
the Caribbean and Florida have flood reduction benefits
that substantially outweigh likely costs of restoration.
In many areas we show that mangrove restoration can
yield returns on investment of 15:1 or greater.

It is known that restoration costs can be highly variable
so specific benefit to cost ratios should be taken as
guides for where ROls are likely to be high. However,
the maps of Present Value (PV) do provide a strong
indication of the scale of restoration benefits and where
benefits are likely to well exceed any costs of restoration.
Some 5-km study units have present values for man-
grove flood protection benefits that exceed $500 million
over a 30-year period. Some states and countries have
average present values per hectare in the hundreds of
thousands of dollars. That is as long as restoration costs
are less than, say, $100,000 per hectare then benefits
would well exceed costs in many areas.

With out fragility curves, we show that mangroves face
significant impacts themselves from storms. Mangroves,
however, can recover rapidly after storms and this could
be hastened with timely investments in restoration.
Elsewhere data shows that marshes and mangroves in
Florida recover from hurricanes more rapidly if they are
in managed areas (Castagno et al. 2021, Lagomasino
et al. 2021).

Our efforts represent state-of-the-art process-based
assessments of flood risk and mangrove benefits across
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the wider Caribbean. For most countries with mangroves,
these represent the best data and models for estimating
mangrove benefits and, for many of these countries, the
best national level estimate of flood risk. Based on prior
work and our own sensitivity analyses, the greatest sourc-
es of uncertainty in coastal flood risk assessments are
estimates of topography (Menéndez et al., 2019). In addi-
tion, nearshore bathymetry remains a major gap, though
there are advances in remote sensing that could help im-
prove flood risk assessments. For mangrove coverage, we
have only the extent of mangroves and not information
on age, density, species, degree of degradation, or other
factors, which can all affect the capacity of mangroves
to reduce flooding. We used mangrove distribution data
from 2010 but more up to date information is becoming
available, for example, through the Global Mangrove
Watch project. Major remaining constraints for global
coastal flooding models include the consideration of
flooding as a one-dimensional process and the difficulty
in representing flooding well on smaller islands.

There are limitations to these BCRs, but overall, we expect
them to be conservative for several reasons. First, we do
not consider indirect benefits from averted flooding, such
as avoided business interruption, which are usually more
than two times larger than direct benefits (Sultana et al.,
2018). We also do not add values from additional eco-
system services, such as carbon sequestration (Jakovac
et al.,, 2020), tourism (Spalding et al., 2019), and fish
production (Hutchison et al., 2014). We do not factor in
changes in sea level rise (Kopp et al., 2014) or storminess
(Knutson et al., 2021) that are associated with climate
change, which would increase flooding and in most cases
the benefits from mangroves for flood reduction.
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By comparing mangrove benefits from using NSI data with
that from GAR data, we see very similar patterns in the
Florida results overall. However, the Florida present value of
mangrove benefits over 30 years with a 4% discount rate
based on NSI ($50 billion) are higher than those based on
the GAR data in our global analyses ($13.10 billion). We
expect the main reason for this difference to be from the
depth-damage curves (Figures 3 and 4).

These results open new opportunities to support resto-
ration of mangroves with funds from hazard mitigation,
climate adaptation, and disaster recovery. For example,
in the U.S., FEMA pre-disaster mitigation grant funding

was $660 million in 2020 and post-disaster funding from
FEMA and other agencies ranges from tens to hundreds
of billions of dollars annually (Airoldi et al., 2021; Reguero
et al.,, 2020). To date, very little of these funds have been
used to support the restoration of habitats for risk reduc-
tion and adaptation, largely because data on benefits and
costs were missing (Airoldi et al., 2021).

Some of the biggest funders of risk reduction include
emergency management agencies, development banks,
and reinsurers. These funders are beginning to consider
how to invest in coastal habitat restoration to reduce fu-
ture risk and build resilience (Airoldi et al., 2021; National
Academies of Sciences and Medicine, 2019; Reguero et
al.,, 2020). FEMA has recently reduced BCR requirements
to make it easier to support nature-based projects with
flood mitigation and disaster recovery funds. FEMA has
indicated that BCRs could be 0.75:1 for nature-based flood
reduction if an additional 0.25:1in benefits to costs can be
quantified from other services, such as carbon sequestra-
tion. In 2021, they identified $1.16 billion in new funding
opportunities, including for Building Resilient Infrastruc-
ture and Communities, which have stated priorities for
nature-based solutions (FEMA, 2020). Reinsurers have
sold policies to protect reefs and are developing approach-
es that could be used to invest in restoration up front to
build resilience and reduce future payouts (Kousky & Light,
2019; Reguero et al.,, 2020).
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Mangrove seedlings growing in mudflat at Woburn Bay MPA (Marine Protected Area), Grenada. © Marjo Aho.



.Conclusion

We can rigorously quantify the value of mangroves for flood reduction and
show that they provide significant benefits to people and property across
Florida and the Caribbean. These results are clear from global data and for
high resolution structure and asset data in Florida assessed with tools from
FEMA and USACE. The benefits of mangroves for flood reduction alone are
likely to often well exceed costs of restoration across more than 20 countries
in the Caribbean. Mangroves can be damaged by storms and this fragility is
also quantifiable. Timely investments in mangrove restoration after storms
could hasten their recovery.
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