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There is a growing need for coastal and marine restoration, but it is not clear how to pay for it given that
environmental funding is low, and national budgets are stretched in response to natural hazards. We use risk-
industry methods and find that coral reef and mangrove restoration could yield strong Return on Investment
(ROI) for flood risk reduction on shorelines across more than 20 Caribbean countries. These results are robust to

changes in discount rates and the timing of restoration benefits. Data on restoration costs are sparse, but the
Present Value (PV) of restored natural infrastructure shows that ROI would be positive in many locations even if
restoration costs are in the hundreds of thousand per hectare for mangroves and millions per km for reefs. Based
on these benefits, we identify significant sources of funding for restoring these natural defenses.

1. Introduction

Too many marine ecosystems have been deeply degraded for pro-
tection alone to succeed (Duarte et al., 2020). Coastal reefs and wetlands
are some of the most impacted marine ecosystems. The resolution
establishing the United Nations Decade on Ecosystem Restoration
(2021-2030) explicitly identifies the critical declines and restoration
needs of coral reefs and coastal wetlands (United Nations 2019). Little
work however addresses how to pay for and where to focus those
restoration efforts cost effectively.

Ecosystems provide benefits that society should pay for, but these
services are rarely valued rigorously, spatially, and most importantly in
the economic terms needed by investors and government agencies
(CCRIF, 2010; Reguero et al., 2018). The limited data on benefits to costs
has been identified as a major impediment in the advancement of
ecosystem-based adaptation (IPCC, 2019).

Funding for the environment is often low, and ecosystem restoration
is perceived to be costly (McCreless and Beck 2016). The biodiversity
spending needed could be $100 billion annually, but the international
community only spends $4 to 10 billion each year on conservation and
management (Barbier et al., 2018). National and multi-national budgets
are increasingly stretched in recovery from natural hazards and will be
strained further by climate change.

Coastal ecosystems such as reefs and mangroves act as natural
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barriers to waves and storm surges and reduce flood damages to people
and property. These benefits are critical across the Caribbean, where
there have been substantial increases in storm risk and extensive habitat
loss. To identify where reef and mangrove restoration could yield sig-
nificant returns on investment (ROI), we build on recent work that
rigorously values the annual flood risk reduction benefits of coastal
habitats (Beck et al., 2018, Menéndez et al., 2020).

2. Methods

To assess return on investment, we start by estimating flood pro-
tection benefits. The methods for assessing the flood protection benefits
of reefs and mangroves have been fully described in earlier publications
(Beck et al., 2018, Menéndez et al., 2020) and are summarized here. We
follow the expected damages approach (Barbier 2015, World Bank
2016), which is also commonly used by the risk industry (e.g., in the
insurance and engineering sectors). We use a set of probabilistic hy-
drodynamic and economic models to map flooding on reef and
mangrove coastlines, with and without habitats, for four storm return
periods (1-in-10, —25, —50, —100-yr events). We assess flooding in
cross-shore transects every 2 km or less globally, and we produce
flooding maps (flood depth and extent) at 30-m resolution. We use socio-
economic exposure data from the World Bank (UNISDR 2015) and apply
flood depth-damage curves. Results are summarized in 20-km coastal
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Table 1

Costs of Mangrove Restoration in the Caribbean and other regions. For man-
groves, costs are per hectare. For coastal structures costs are per linear km.
Number of studies, N indicated in brackets. All numbers are median costs. All
costs are in 2019 US$ and rounded off to the nearest 1,000.

Type Sub-type Florida All Other All Other
Caribbean Regions
Mangroves  Planting 45,000 (47) 23,000 (6) 2,000 (57)
Seedlings and
Saplings
Hydrological 141,000 - 4,000 (8)
Restoration (22)
Structures Seawalls 19,935,000 19,818,000 5,712,000
@™ 3) @
Levees 24,757,000 3,136,000
(2) @
Breakwaters - 20,658,000
a7

study units. These methods have been applied in previous projects to
assess the value of coral reefs for coastal protection globally (Beck et al.,
2018) and to assess the value of mangroves for coastal protection in the
Philippines, Jamaica and globally (Menéndez et al., 2018, Beck et al.,
2019, Menéndez et al., 2020, World Bank 2021). These models have
been extensively validated (Beck et al., 2018, Menéndez et al., 2018,
Menéndez et al., 2019, Menéndez et al., 2020).

For mangroves, we assume that the flood protection benefit of
restoring 1 ha of mangrove forest in a 20-km study unit is equivalent to
the average decline in benefit from the loss of 1 ha of mangroves in that
unit. For coral reefs, we assume the benefit in restoring 1 m in reef height
is equivalent to the average decline in benefit from the loss of 1 m in reef
height in that study unit. These assumptions rely on the full restoration
of the habitat characteristics that provide flood protection benefits such
as reef height and mangrove density. This full restoration may not be
immediate, which can reduce the overall benefits (i.e., present value); an
issue we address in sensitivity analyses. On the other hand, restoration
projects for flood protection would likely be sited to maximize (or at
least do better) than the average flood protection in a given study unit,
which means our assumptions could underestimate potential restoration
benefits.

We multiply annual expected flood reduction benefits in each study
unit out over a 30-year project lifespan at a 4 % discount rate. A 30-year
lifespan is conservative for infrastructure projects. For example, the US
Federal Emergency Management Agency (FEMA) standard values for the
useful life of flood infrastructure projects are 50 years (FEMA 2009).

The data on flood reduction benefits are combined with costs of
restoration to develop spatially explicit benefit to cost (B:C) ratios. To
identify mangrove restoration costs, we used cost data from recent re-
views (Bayraktarov et al., 2016, Narayan et al., 2016). We also con-
ducted a literature review for data published between 2016-2019 on
Google and Google Scholar search engines. For the 2016-19 literature
review we used the keywords “Mangrove” and “Restoration” and
“Costs.” Like the reviews conducted by Bayraktarov et al., 2016 and
Narayan et al., 2016 we only included studies that published quantita-
tive information on restoration costs. We also further supplemented
these data with direct surveys of restoration practitioners and projects in
the Caribbean (Narayan et al., 2019). A significant shortcoming is that
there is little data on opportunity or maintenance costs for habitat
restoration projects. Almost all of the cost data on mangrove and reef
projects was the initial (direct investment) costs associated with habitat
restoration.

The median costs of mangrove restoration were much higher in
Florida ($45,000 ha-1) than in the rest of the Caribbean ($23,000 ha-1)
so we used these two region-specific costs in our analyses (Table 1). For
reef restoration projects, we used the median structural (i.e., hybrid)
reef restoration cost of $1,290 per linear meter identified in a prior re-
view, which identified costs from 10 projects (Ferrario et al., 2014). We
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identify projects as “cost effective” if B:C > 1.

A Benefit to Cost Ratio provides the simplest indication of return on
investment, but we also map Present Value (PV), i.e., benefits from a 30-
year restoration project, because cost data on mangrove and reef
restoration projects are limited and spatially variable. The PV/ha for
mangroves and PV/km for reefs indicates the break-even cost for
restoration (i.e., B:C = 1) over the life of a project.

We did sensitivity analyses to assess how discount rates and time to
full project benefits could affect Return on Investment (ROI). The
appropriate discount rate is a matter of policy and debate and varies
within and between institutions. For example, The World Bank uses
multiple discount rates including 4 % (World Bank 2021), 6 % (Halle-
gatte et al., 2021) and 10 % in some project comparisons. FEMA (2009)
uses a 7 % discount rate. We considered how these four discount rates
affect the number of study units with B:C > 1 for both reefs and
mangroves.

We also considered the sensitivity of the B:C results to variation in
the timing of flood reduction benefits. In our main calculation, we as-
sume that restoration projects are designed to deliver immediate project
benefits as suggested by some flood mitigation funders (e.g., FEMA).
These immediate outcomes can be achieved by using hybrid reefs with
artificial structures and coral plantings or by using nursery grown
mangrove saplings and trees. However, some restoration projects could
focus more on the growth of mangrove seedlings and coral fragments
over time. We have assessed how return on investment changes if ben-
efits are immediate or begin to accrue only in year 5 or increase linearly
from year 1 to full benefits by year 5 with the growth of trees and corals.
Maza et al. (2021) show that almost all flood protection benefits can be
achieved by year 5 in mangrove restoration projects.

3. Results

Across the Caribbean, there are many coastlines where the benefits of
coral reef and mangrove restoration for coastal adaptation outweigh
project costs. For mangroves, we find 181 coastal units (i.e., > 3,000 km
of coastline) across 20 territories and countries with cost effective op-
portunities (i.e., B:C > 1) for mangrove restoration (Fig. 1a). Cuba (36),
Bahamas (23) and the USA (23) have the most study units with cost
effective opportunities for mangrove restoration.

For coral reefs, we identified cost effective opportunities for resto-
ration in 55 coastal study units representing > 1,000 km of shoreline
across 13 countries and territories (Fig. 1b). Cuba and Jamaica have the
most opportunities for cost effective reef restoration (>10 study units
each).

The Present Value (PV) of reefs and mangroves shows that many
locations have long term flood protection benefits from mangroves that
are in the hundreds of thousands of dollars per hectare (Fig. 2a) and
from reefs that are in the tens to hundreds of millions per kilometer
(Fig. 2b). These values indicate the potential break-even costs for
restoration; ROI will be positive in many locations even if restoration
costs are high. For example, mangrove restoration projects near Port au
Prince, Haiti that cost less than $168,000 per hectare (considering all
potential lifetime costs) would still have a positive return on investment
(Fig. 2a).

Overall the results were robust to changes in discount rates and the
timing of restoration benefits for mangroves and coral reefs (Figs. Al,
A2). Even the most conservative scenario (10 % discount rate and
benefits beginning in year 5) only reduced the number of study units
with B:C > 1 by approximately 33 % for both reefs and mangroves; there
were still many study units with positive returns on investment.
Spatially, those study units with B:C > 10 (Fig. 1) remained cost effec-
tive whereas many in the two lower categories increasingly did not yield
positive ROI under more conservative considerations.
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Fig. 1. Benefit to Cost Ratios (B:C) for a) Mangrove and b) Coral Reef restoration across the Caribbean estimated using a 30-year project life with a 4% discount rate.
Results are summarized in 20-km coastal study units. Circle sizes and colors indicate B:C ratios.

4. Discussion

The knowledge increasingly exists on how to rebuild marine eco-
systems (Duarte et al., 2020), but how to pay for it has been missing. The
global budgets for conservation are in the billions of dollars (Barbier
et al., 2018) and often decreasing (McCreless and Beck 2016). The
budgets and spending for disaster recovery are in the hundreds of bil-
lions of dollars, annually and increasing (Reguero et al., 2020).

We have identified where there could be significant returns on

investment for coral reef and mangrove restoration across the Carib-
bean. There are many opportunities for investments in mangroves given
their wide distribution and relatively cheap costs of restoration as
compared to grey infrastructure (Table 1). Reefs can be very effective at
reducing flooding but the structural restoration of reefs in shallow, high
energy environments is still a relatively new practice and comparatively
expensive. Strategies for effective risk reduction will often combine ef-
forts where reef restoration provides wave energy reduction that allows
mangrove restoration to get established on eroding shorelines and offer
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a) Mangrove

Present Value: |

>$850K per hectare |
of mangroves

e

$140M per kilometer
of reef
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Present Value
o Upto$75K
$75K - $250K
$250K - $500K
$500K - $850K
>$850K

Present Value:

$168K per hectare
of mangroves

Present Value
o Upto $25M
$25M - $100M
$100M - $500M
>$500M

Fig. 2. Present value of flood reduction benefits from restoration for a) Mangroves (US$ per ha) and b) Coral Reefs (US$ per km) estimated using a 30-year project
life with a 4% discount rate. These values represent the break-even point for restoration.

storm surge reduction.

There are important limitations to these ROI estimates, but overall
they should be conservative for the following reasons. First, we do not
consider indirect benefits from averted flooding such as avoided busi-
ness interruption, which is estimated from claims to be 139 % larger
than direct damages to property (Allianz 2019). We also do not add
values from additional ecosystem services, such as carbon sequestration,
tourism, and fish production. We do not factor in sea level rise or
increasing storminess, which would increase the flood reduction bene-
fits. We assume that restoration costs are fixed, but they will likely

decrease with economies of scale (e.g., mangrove restoration is much
cheaper in SE Asia in part for these reasons, Table 1). The Present Value
analyses allow project proponents to consider all the potential break-
even restoration costs, which could include values that are rarely re-
ported such as costs of overcoming restoration failures or opportunity
costs (e.g., land acquisition for mangroves). We also assume that risk
reduction benefits will remain static over time in the future, but we have
shown that these benefits increase greatly over time for mangroves
(World Bank 2021).

These results open new opportunities to support restoration with
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Table 2

Funding Options for Natural Infrastructure. This table identifies some sources of
funding for flood risk reduction and adaptation that could be applied to habitat
restoration. The annual funding is based on the most recent budget year. Values

are in billions/year.

Fund

Annual Funding

Citation

Public Pays: Public Benefits

EU Climate Change Adaptation &

Risk Prevention

US Army Corps of Engineers
Flood Risk Management
Program

FEMA Pre-Disaster Mitigation
Grants

FEMA Post-Disaster Recovery

US State Infrastructure Banks

US State Tax Exempt
Infrastructure Bonds

Green Climate Fund

EU Natural Capital Financing
Facility

Mexico Fund for Disaster
Prevention
(FOPREDEN)

Mexico’s Natural Disaster
Recovery Fund (FONDEN)

World Bank Disaster Risk
Management Budget

Private Pays: Public Benefits

Green Bonds

Private Pays: Private Benefits

FEMA National Flood Insurance
Program (NFIP)- Community
Rating System (CRS)”

Special Purpose Tax Districts
(Florida only, >1,500)

Special Purpose Tax Districts:
Flood Control
(Florida only)

Total

$7.05 billion

$1.01 billion

$0.6 billion

$25 billion
$9 billion in loans

$43 billion

$1 billion
$ 0.025 billion

$0.020 billion

$1.1 billion

$4.6 billion

$167 billion

FL Only — 240 +
communities
participate in CRS
$17.5 billion

$0.72 billion

>$259 billion

(European
Commission 2020)
(US Army Corps of
Engineers 2019)

(FEMA 2020b)

(FEMA 2020b)
(Congressional
Budget Office 2018)
(Congressional
Budget Office 2018)
(Yeo 2019)
(European
Commission 2019)
(Prevention Web
2019)

(Buhler 2019)
(World Bank 2020)
(Climate Bonds
Initiative 2019)
(FEMA 2020a)
(DeVoe L. Moore
Center 2020)

(DeVoe L. Moore
Center 2020)

2 FEMA CRS offers insurance premium reductions for open space preservation.

funds from hazard mitigation, climate adaptation, and disaster recovery.
We have identified some of the risk reduction funding sources that have
traditionally supported grey infrastructure and that could be applied to
nature-based solutions (Table 2). Many of these individual annual
funding lines are very large relative to the total global funding for
biodiversity conservation (Barbier et al., 2018). For example, US FEMA
pre-disaster mitigation grant funding was $660 million in 2020 (Table 1)
and post-disaster funding by FEMA and others is in the range of tens to
hundreds of billions of dollars annually (Reguero et al., 2020, Airoldi
et al.,, 2021). Very little of these funds have been used in the past to
support the restoration of habitats for risk reduction and adaptation
largely because data on benefits and costs were missing (Airoldi et al.,
2021).

A source of revenue rarely used by conservation is Special Purpose
Tax Districts. Florida alone has more than 1,500 special purpose dis-
tricts. In 2018, more than $720 million was spent by Florida Districts on
flood and storm water management (Table 1). In 2016, residents in nine
San Francisco Bay area counties overwhelmingly approved a parcel tax
to finance wetland restoration in part for coastal protection benefits.'

Some of the biggest funders of risk reduction including emergency
management agencies, development banks, and re-insurers are consid-
ering how to invest in coastal habitat restoration to reduce future risk
and build resilience (National Academies of Sciences, 2019, Reguero
et al., 2020, Airoldi et al., 2021). In the US, FEMA has recently reduced

1 1 https://www.myparceltax.com/sfbay/.
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benefit to cost ratio requirements to make it easier to support nature-
based projects with flood mitigation and disaster recovery funds. In
2021, they identified $1.16 billion in new funding opportunities
including for Building Resilient Infrastructure and Communities, which
have stated priorities for nature-based solutions (FEMA, 2021). The US
Department of Defense (DoD) also recently announced a new program,
Reefense, that “seeks to develop self-healing, hybrid biological and
engineered reef-mimicking structures to mitigate the coastal flooding,
erosion and storm damage that increasingly threaten civilian and DoD
infrastructure and personnel” (DARPA, 2021). Re-insurers have sold
policies to protect reefs and are developing approaches that could be
used to invest in restoration up front to build resilience and reduce
future payouts (Kousky and Light 2019, Reguero et al., 2020).

There are opportunities to align conservation, flood risk reduction
and climate adaptation to reduce storm risks. There are many places
across the Caribbean where habitat restoration for risk reduction could
be cost-effective, and these values open significant opportunities to pay
for their needed restoration.
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