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1 | INTRODUCTION
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Abstract

Due to rising sea levels and projected socio-economic change, global coastal
flood risk is expected to increase in the future. To reduce this increase in risk,
one option is to reduce the probability or magnitude of the hazard through the
implementation of structural, Nature-based or hybrid adaptation measures.
Nature-based Solutions in coastal areas have the potential to reduce impacts of
climate change and can provide a more sustainable and cost-effective alterna-
tive to structural measures. In this paper, we present the first global scale
assessment of the benefits of conserving foreshore vegetation as a means of
adaptation to future projections of change in coastal flood risk. In doing so, we
extend the current knowledge on the economic feasibility of implementing
global scale Nature-based Solutions. We show that globally foreshore vegeta-
tion can contribute to a large decrease in both absolute and relative flood risk
(13% of present-day and 8.5% of future conditions in 2080 of global flood risk).
Although this study gives a first proxy of the flood risk reduction benefits of
conserving foreshore vegetation at the global scale, it shows promising results
for including Nature-based and hybrid adaptation measures in coastal adapta-
tion schemes.
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100-year flooding event (Muis, Verlaan, Winsemius,
Aerts, & Ward, 2016) and future population in coastal

Coastal zones are attractive areas for human settlement
and almost two-thirds of urban settlements with popula-
tion higher than 5 million are at least partly located in
coastal zones (McGranahan, Balk, & Anderson, 2016).
Recent research shows that 1.3% of the global population
lives in coastal zones that are exposed to one in a

zones is expected to grow, increasing the exposure to
coastal flooding (Neumann, Vafeidis, Zimmermann, &
Nicholls, 2015). Next to this increase in exposure, coastal
flood hazard will change through climate change and
subsidence (Nicholls & Cazenave, 2010; Vousdoukas
et al., 2018a; Vousdoukas et al., 2018b). Due to rising
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global temperatures, sea-level rise is projected to acceler-
ate during the 21st century (Oppenheimer et al., 2019),
leading to an increase in coastal flood hazard (Vitousek
et al., 2017). Next to sea-level rise, climate change is pro-
jected to lead to changes in flood hazard through changes
in tides (Idier, Paris, Le Cozannet, Boulahya, &
Dumas, 2017), surge levels (Little et al., 2015), extreme
sea levels (Vousdoukas, Mentaschi, Voukouvalas, Ver-
laan, & Feyen, 2017) and wind-wave climate (Hemer,
Fan, Mori, Semedo, & Wang, 2013). These changes of
flood hazard and exposure will lead to increases in global
coastal flood risk (Hallegatte, Green, Nicholls, & Corfee-
Morlot, 2013; Hinkel et al., 2014; Neumann et al., 2015;
Tiggeloven et al., 2020; Vousdoukas, Bouziotas,
et al., 2018a; Vousdoukas, Mentaschi, et al., 2018b).

To prevent or reduce this increase in flood risk, adap-
tation measures are required. One option is to develop
methods to reduce the probability or magnitude of the
hazard, the so-called protect approach. This can be
achieved through the implementation of structural,
Nature-based Solutions or hybrid adaptation measures.
Lincke and Hinkel (2018) show that adaptation through
structural adaptation measures is economically feasible
for 13% of the global coastline, which accounts for 90% of
the global population living in regions prone to coastal
hazard. In addition, Hinkel et al. (2014) show that the
avoided damages of adaptation are much higher than the
costs of adaptation and Tiggeloven et al. (2020) show that
adaptation through structural measures shows high
potential to reduce (future) coastal flood risk. Instead of
only focusing on structural adaptation measures,
Jongman (2018) argues that flood risk management
needs to adopt holistic strategies to adapt to climate
change, such as early warning systems, risk perception,
Nature-based or hybrid solutions. Hybrid solutions com-
bine structural measures with Nature-based Solutions,
such as maintaining or restoring foreshore vegetation
and foreshore geomorphology on the foreshore. Duarte,
Losada, Hendriks, Mazarrasa, and Marba (2013) show
that Nature-based Solutions in coastal areas have poten-
tial to reduce the impacts of climate change. Moreover,
recent studies argue that Nature-based Solutions can pro-
vide a more sustainable, cost-effective and ecologically
sound alternative to structural measures, such as dikes,
sea walls and embankments (Narayan et al., 2016;
Temmerman et al., 2013; van Wesenbeeck, de Boer,
Narayan, van der Star, & de Vries, 2017).

Foreshore vegetation plays a significant role in dissi-
pating wave energy (Barbier et al., 2008; Shepard,
Crain, & Beck, 2011), attenuating storm surges
(Wamsley, Cialone, Smith, Atkinson, & Rosati, 2010;
Zhang et al., 2012) and providing economic benefits
through coastal flood protection (Menéndez, Losada,
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Torres-Ortega, Narayan, & Beck, 2020). Structural mea-
sures alone can have negative effects as they have a costly
maintenance, and need continual heightening and wid-
ening to keep up with sea-level rise (Temmerman
et al., 2013). On the other hand, ecosystems can respond
to sea level rise by natural accretion of mineral and bio-
genic sediments (Fagherazzi et al., 2012; Kirwan et al.,
2010; Mckee, Cahoon, & Feller, 2007). By providing addi-
tional benefits, such as improving water quality and rec-
reation (Barbier et al., 2011), ecosystems could be more
cost-effective in the long term than structural measures
under similar scenarios (Broekx, Smets, Liekens,
Bulckaen, & De Nocker, 2011; Turner, Burgess, Hadley,
Coombes, & Jackson, 2007). However, the reduction of
flood risk through the presence of foreshore vegetation
under future change, and the benefits of using foreshore
vegetation as future adaptation measures, have not been
assessed at the global scale.

This paper aims to address this gap by providing a
first proxy assessment on the benefits of conserving fore-
shore vegetation as a means of adaptation to future pro-
jections of change in coastal flood risk. We approach this
aim in two ways. First, we show the reduction of coastal
flood risk that could be attained by conserving foreshore
vegetation under various combinations of future climate
and socioeconomic scenarios. Here, we include foreshore
dynamics (wave attenuation) through foreshore vegeta-
tion to assess flood risk reduction in terms of expected
annual damage and expected annual population exposed.
Second, we provide the first global scale study on the
benefits of implementing adaptation measures using a
combination of structural adaptation measures and con-
serving foreshore vegetation for future flood risk scenario
projections.

2 | METHODS

This study extends the coastal flood risk assessment
framework developed by Tiggeloven et al. (2020) to also
include the effects of foreshore vegetation on global flood
risk reduction. The latter is achieved using the approach
of van Zelst et al. (2021). The main steps of this study are:
(1) flood risk estimation; (2) wave attenuation estimation;
and (3) estimating the benefits of adaptation measures.
In brief, flood risk is estimated as a function of hazard,
exposure and vulnerability (United Nations Office for
Disaster Risk Reduction, 2016). Flood risk, expressed in
terms of both expected annual damages (EAD) and
expected annual population exposed (EAPE), is calcu-
lated over time for scenarios with and without adaptation
measures. We calculate the benefits as the reduction in
EAD with and without adaptation measures. These
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benefits for conserving foreshore vegetation are estimated
in the adaptation objective ‘Protection constant’, in
which it is assumed that present-day protection standards
are kept the same in the future as the current protection
standards. This section contains a brief description of the
methods involved with the setup of the modelling frame-
work, and is based on detailed descriptions by Tiggeloven
et al. (2020) and Ward et al. (2020) for the modelling
framework, and van Zelst et al. (2021) for details on
global wave attenuation by mangroves and salt marshes
in coastal areas.

2.1 | Flood risk estimation

We estimated coastal flood impacts using the GLOFRIS
risk assessment framework of Ward et al. (2013) to com-
bine data on flood hazard (inundation maps), exposure
(current and future built-up exposure maps with associ-
ated maximum damage values) and vulnerability (depth-
damage curves). We assess flood impacts at a horizontal
resolution of 30’ x 30’ and simulate these for several
return periods (2, 5, 10, 25, 50, 100, 250, 500 and
1000 years). This section contains an overview of the
methods used to estimate flood hazard, exposure, vulner-
ability and risk.

Flood hazard is represented by maps of inundation
depth for several return periods (2, 5, 10, 25, 50, 100,
250, 500 and 1000 years). These are simulated using a 2D
topographic inundation modelling routine that accounts
for water level attenuation. As underlying topography,
we use the Multi-Error-Removed Improved-Terrain
(MERIT) DEM (Yamazaki et al., 2017) at a 30” x 30" res-
olution. To simulate the reduction of flooding land
inwards due to the limited time span of tides and storm
surges, we included a resistance factor in the inundation
routine similar to Vafeidis et al. (2019). As input for the
inundation model, we use extreme sea level values from
the global tide and surge reanalysis (GTSR) dataset by
Muis et al. (2016) enriched with simulated tropical
cyclones using the IBTrACS (International Best Track
Archive for Climate Stewardship) archive, as described
by Tiggeloven et al. (2020). Future inundation is simu-
lated using sea-level rise to simulate future extreme sea
levels and subsidence rates through groundwater extrac-
tion to estimate how the terrain may change. We use
gridded projections of sea-level rise from the RISES-AM
project, in which sea-level rise rates are regionalized
using spatial variability associated with gravitational-
rotational fingerprints (Jackson & Jevrejeva, 2016). For
this study, we use a range of probabilistic outcomes (5th,
50th and 95th percentiles) for two representative concen-
tration pathways (RCP), that is, RCP4.5 and RCP8.5. Sub-
sidence is modelled through groundwater extraction and
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rates are taken from the SUB-CR model (Kooi, Bakr, de
Lange, den Haan, & Erkens, 2018).The flood hazard
maps are available through Ward et al. (2020).

Exposure data used in this study consist of current
gridded built-up area taken from the HYDE database
(Klein Goldewijk, Beusen, Van Drecht, & De Vos, 2011)
and future built-up area from Winsemius et al. (2016)
both at a resolution of 30” x 30”. Current maximum eco-
nomic damages are estimated using the methodology of
Huizinga, Moel, and Szewczyk (2017) and future esti-
mates are scaled with the GDP per capita per country
from the Shared Socioeconomic Pathway (SSP) database.
Based on a study by BPIE (2011) and EEA (2016), we set
the area of occupancy type per grid cell to 75% residen-
tial, 15% commercial and 10% industrial. Following Hui-
zinga et al. (2017), the density of buildings per occupancy
types are set to 20% for residential and 30% for commer-
cial/industrial. To calculate future risk relative to GDP
per region, future gridded GDP values are taken from
Van Huijstee, Van Bemmel, Bouwman, and Van
Rijn (2018), which uses the national GDP per capita from
the SSP database as input.

Vulnerability to flooding is estimated by using differ-
ent global flood depth-damage functions for each occu-
pancy type and are taken from Huizinga et al. (2017).
The resulting damages are represented as a percentage of
the maximum damage. Subsequently, flood impacts per
cell are calculated by estimating the percentage of maxi-
mum damage per occupancy type at the inundation
depth in a given cell, and are expressed in the following
equation:

Io(p) =0,(p)M, +0.(p)M.+6;(p)M; (1)

where Iy is the flood impact at the inundation depth asso-
ciated with the annual probability of non-exceedance p
(1 divided by the return period), € is the vulnerability and
M is the maximum damage assigned for residential (r),
commercial (c) and industrial (i) occupancy types. To
estimate flood risk in terms of EAD, we first estimate
these flood impacts per return period at the resolution of
30" x 30”. Subsequently, EAD can be estimated by taking
the integral of the exceedance probability-impact (risk)
curve (Meyer, Haase, & Scheuer, 2009) and is shown in
the following equation:

1

D= / Io(p)dp 2)

p=0

where D is the EAD. To fit a protection standard of a
coastal region in the risk computation, the risk curve is
truncated at the exceedance probability of the protection
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standard (expressed as a return period). To estimate the
area under the curve, we use the trapezoidal approxima-
tion. Under the same conditions, higher protection stan-
dards indicate that EAD would decrease as the
hinterland is protected for storms up to the
corresponding protection standard. Similar to the EAD
estimation, EAPE is estimated by taking the integral of
exposed population associated with the recurrence inter-
vals assessed. As data on protection standards of coastal
regions are not available for many regions, we estimate
current protection standards for coastal regions using the
FLOPROS modelling approach (Scussolini et al., 2016).
The resulting coastal protection standards are described
and validated in Tiggeloven et al. (2020).

2.2 | Wave attenuation and crest height
estimation

This study estimates the effects of wave attenuation
through foreshore vegetation globally. To estimate these
effects of foreshore vegetation on wave attenuation and
required crest height estimation, we use the following
procedure of van Zelst et al. (2021) to:

1. derive coastal segments and corresponding coast-
normal transects;

2. construct bed-level profiles and vegetation cover;

3. derive representative hydrodynamic conditions and
wave attenuation under these conditions; and

4. estimate required crest heights under current and
future conditions.

We use OpenStreetMap to derive the coastlines and
move them 100 m land inwards in order to find a likely
position to establish a dike system. Detection of already
established dike systems is not explicitly taken into
account here. However, large geomorphological features
as present in MERIT DEM are included and we use a
baseline protection standard for each region using the
FLOPROS database. For every cell containing a coastline
segment at 1’ x 1’ resolution, its coastline length and a
transect perpendicular to the coast are derived at the cen-
tre of the segment resulting in 495,361 transects that are
on average 1.1 km apart. For each transect, the foreshore
width and slope and the vegetation width and type
within the foreshore are derived along the same coast-
normal transect. The following sections contain an over-
view of the methods involved for estimating the required
crest heights; for details we refer to van Zelst et al. (2021).

The bed-level data consists of three datasets where
the main source is derived from the FAST inter-tidal ele-
vation product at 20 m horizontal resolution and 30-
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50 m vertical resolution (Calero, Hendriksen, Dijkstra, &
Lelij, 2017). Bathymetry data are derived from GEBCO at
30” x 30” horizontal resolution and tens of meters verti-
cally, and topography data are derived from the MERIT
DEM at 3" x 3" horizontal resolution and 2 m vertically.
Vegetation presence at 10 m resolution is derived from
the FAST coastal vegetation map, which is based on
Landsat-8 and Sentinel-2 satellite images. To determine
the type of vegetation we use global salt marsh (Mcowen
et al., 2017) and mangrove (Giri et al., 2011) maps, com-
plemented with Corine Land Cover (CLC, Europe only)
and GlobCover v2.2 maps where the former lack cover-
age. The properties of the vegetation relevant for wave
attenuation (spatial density, height, diameter and drag
coefficient) have been determined in the FAST project
based on field measurements and literature. In this study,
salt marshes in the temperate zone are represented by a
parameterization that is typical for northwestern Europe
winter-state salt marshes. Mangroves are represented as
(young) pioneering mangroves. Details on the representa-
tion of vegetation in the numerical modelling activities
can be found in van Zelst et al. (2021). Figure 1 displays
an overview of the present-day foreshore vegetation (salt
marshes and mangroves) used in this methodology.
Countries that have the largest areal extent (km?) of vege-
tation are Australia, Indonesia, the United States and
Brazil. Figure 1 shows that mangroves are most domi-
nant between the 30°N and 30°S latitude, and salt
marshes are largely present in the northern hemisphere
above the 30°N latitude. Note that data on foreshore veg-
etation are lacking in many regions in the Mediterranean
Sea, which indicates that results in those regions should
be interpreted with caution.

Wave conditions have been derived from a ERA-
Interim (Dee et al., 2011) reanalysis using a peak-over-
threshold approach. Offshore significant wave heights for
the same range of return periods are transformed to a
nearshore wave height that is limited by depth-induced
breaking. To determine the wave attenuation over a fore-
shore and the resulting significant wave height relevant
for the flood defence on a transect, we use a lookup-table
by combing 668,304 XBeach (van Rooijen et al., 2016)
hydrodynamic numerical modelling results for combina-
tions of foreshore slopes, vegetation covers and hydrody-
namic conditions (van Zelst et al., 2021). The values for
these input conditions are based on the expected range of
conditions, that is, the distribution functions of these
parameters globally. This table contains wave heights
modelled by XBeach (van Rooijen et al., 2016) at regular
intervals along a steady slope, both with and without salt
marsh or mangrove vegetation. Wave angle of incidence
is assumed coast normal to represent a worst-case sce-
nario. Wave attenuation along the vegetated coastlines is
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determined based on the closest match between the
derived transects characteristics and look-up table
results.

Subsequently, required crest heights are estimated
with the empirical EuroTop formulations (Pullen
et al., 2007) with respect to the surge level for a standard
1:3 dike profile without berms and an allowed over-
topping discharge of 1 L/s/m. The reduction in required
crest height is calculated by subtracting dike crest height
for the scenarios with foreshore vegetation and all fore-
shore vegetation removed. We assume the same coastal
profile with and without coastal vegetation, which is a
conservative approach. We hereby cancel out the effect of
the coastal profile and solely focus on the contribution of
foreshore vegetation. Future crest heights are estimated
using regional sea-level rise from Jackson and
Jevrejeva (2016) and subsidence rates from Kooi
et al. (2018). This is carried out by adding subsidence and
sea-level rise rates directly on the crest heights. Thus, nat-
ural accretion on vegetated foreshores and changing fore-
shore hydrodynamics due to relative sea-level rise is not
included in this study.

2.3 | Benefits of conserving foreshore
vegetation and adaptation costs

We perform an analysis on the benefits of conserving
foreshore vegetation in order to simulate the effects of
foreshore vegetation on coastal flood protection. We first
estimate the costs of structural adaptation measures and

the benefits of foreshore vegetation in the adaptation
objective ‘Protection constant’, where the present-day
protection standards are kept the same in the future
through structural adaptation measures. Then, in order
to estimate the contribution of conserving foreshore geo-
morphology and vegetation as an adaptation measure
(hereafter referred to as ‘Conserving foreshore vegeta-
tion’), we estimate the benefits of conserving foreshore
vegetation relative to the total benefits of the adaptation
objective ‘Protection constant’.

To calculate the investment costs associated with the
dike dimensions we use the estimated required dike
heights and the dike lengths from the coastlines from the
OpenStreetMap. We then estimate the investment costs
of structural measures by multiplying by a unit cost set to
USD 7 million per km dike-length per m dike-
heightening based on reported costs in New Orleans
(Bos, 2008). This value of US $7 million km-m is within a
reasonable range when compared to various studies
(Aerts, Botzen, & De Moel, 2013; Jonkman, Hillen,
Nicholls, Kanning, & van Ledden, 2013; Lenk, Rybski,
Heidrich, Dawson, & Kropp, 2017), and is used in this
study for both building a new dike system and heighten-
ing an already existing one. This includes investment
costs, groundwork, construction and engineering costs,
property or land acquisition, environmental compensa-
tion and project management. Subsequently, the costs are
converted to US $2005 Power Purchasing Parity (PPP) by
first adjusting to US $2005 values using GDP deflators
from the World Bank Open Data website (https://data.
worldbank.org/) and then using PPP to market exchange
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rates from OECD, taken from the ITIASA SSP database
(Riahi et al., 2017). Construction index multipliers, based
on civil engineering construction costs, adjust the imple-
mentation costs of structural measures to account for dif-
ferences between countries (Ward et al., 2010).

The benefits of the adaptation measures are expressed
as flood risk reduction and estimated by computing the
difference in EAD without the adaptation measure or
foreshore vegetation and EAD with the adaptation mea-
sure, see Equation 3.

P=D» P=Pq
Bi= [ Io(p)dp— [ Is(p)dp, 3)
L],

where B, is the benefit of adaptation at time step ¢, p, is
the non-exceedance probability with no adaptation and
D, the non-exceedance probability with adaptation. We
estimate flood risk reduction by taking the difference
between flood risk estimated with the scenario where
foreshore vegetation is present and the scenario where
foreshore vegetation is completely removed. We do this
under present-day conditions and future conditions. To
do so, we calculate the crest heights of all populated
coastlines prone to flooding associated with FLOPROS
protection standards with vegetation and project these
crest heights on protection standards when no foreshore
vegetation is assumed, in order to estimate the difference
in protection standards. Subsequently, we use Equation 3
to estimate the present-day and future flood risk reduc-
tion through foreshore vegetation by filling in the differ-
ent protection standards with and without foreshore
vegetation. We estimate flood risk reduction relative to
the flood risk in the scenario without foreshore vegeta-
tion presence. In these estimations, we take into account
the current protection standards estimated with the
FLOPROS modelling approach described earlier. Further-
more, we estimate the total benefits by summing the
reduction in EAD up to 2100.

In this study, we use two scenario combinations to
address future projections (van Vuuren et al., 2014),
namely RCP4.5-SSP2 and RCP8.5-SSP5. The RCP4.5-SSP2
scenario combination can be linked to a ‘middle of the
road scenario’ with medium challenges and adaptation
(Riahi et al., 2017), which can be broadly aligned with
the Paris agreement targets (Hope, Salawitch, Canty, Tri-
bett, & Bennett, 2017). The RCP8.5-SSP5 scenario combi-
nation addresses a ‘fossil-fuel development’” world
(Kriegler et al., 2017), in which the world faces high miti-
gation and low adaptation challenges. For uncertainty
analysis within these scenario combinations, we use a
probability range of sea-level rise.

TIGGELOVEN ET AL.

3 | RESULTS

In this section, we present the results of the current risk
reduction performance of the foreshore vegetation pre-
sent, as well as the benefits of conserving foreshore vege-
tation in the future under the ‘Protection constant’
adaptation objective. First, we show the present-day
reduction in flood risk, expressed in both EAD and
EAPE. Additionally, we show the increase in protection
standards that can be attributed to the foreshore vegeta-
tion that is currently present, indicating their current
value in terms of flood protection. Then, we show the
future reduction in flood risk and EAPE for different sce-
nario combinations. Last, we show the benefits of con-
serving foreshore vegetation and the contribution to the
total benefits of adaptation with uncertainty for sea-level
rise projections. Table 1 provides a global overview of the
results discussed for the reduction in EAD and EAPE
under current conditions and for future scenarios in
2080. Next to this, the table shows the total benefits of
conserving foreshore vegetation for the scenarios of
RCP4.5/SSP2 and RCP8.5/SSP5.

3.1 | Present-day and future risk
reduction through foreshore vegetation

Present-day coastal flood protection standards are
affected by the effects of wave attenuation through fore-
shore vegetation. Globally, the total reduction in EAD
provided by present-day foreshore vegetation is estimated
at US $2.5 billion, which amounts to 13% of global EAD
and 0.4% of total GDP exposed. Figure 2 shows the
present-day relative reduction in EAD and EAPE,
increase in protection standards, and absolute reduction
in EAD in the horizontal bar plot through foreshore vege-
tation for continental regions. The absolute reduction in
EAD provided by present-day foreshore vegetation is
especially strong in the continental regions of southeast-
ern Asia, eastern Asia, southern Asia and northern
America. We also find that, globally, EAPE is reduced by
6% through wave attenuation by foreshore vegetation.
Relative reduction through foreshore vegetation is found
to be highest in Caribbean, western Asia, Australia and
New Zealand. Additionally, we find that the absolute
reduction in EAD provided by present-day foreshore veg-
etation for sub-national regions with high density of salt
marshes in the United States and parts of Europe also
contributes to a large share of present-day risk reduction
(see Figures S1 and S2). We see that the relative increase
in protection standards provided by foreshore vegetation
is up to 25% in continental regions of Caribbean, Central
America and Australia. The estimated relative increase of
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TABLE 1  Global overview of the Reduction in Reduction Total benefits

results discussed in this study for both EAD (US$ B) in EAPE (k) (USS$ B)

absolute and relative reduction in EAD,

reduction in EAPE and total benefits Current 2.5 (12.4%) 342 (5.9%) _
RCP4.5/SSP2 71 (8.5%) 995 (5.7%) 280 (3.0%)
RCP8.5/SSP5 164 (8.0%) 902 (6.0%) 532 (2.9%)

Note: EAD and EAPE values for both scenarios are estimated for the year 2080. Note that no value is given
for total benefits under current conditions as this value is only calculated for RCP/SSP scenarios.
Abbreviations: EAD, expected annual damages; EAPE, expected annual population exposed; RCP,
representative concentration pathway; SSP, shared socioeconomic pathway.
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protection standards for sub-national regions are shown
in Figure S3, which shows that the increase in protection
standards provided by present-day foreshore vegetation is
especially strong in regions in northern America,
Australia, southeastern Asia and South America.

With sea-level rise, subsidence and socio-economic
change, future flood risk increases. We find that by con-
serving present-day foreshore vegetation, EAD in 2080
could be reduced by 71 US$ billion, which amounts to
8.5% of total EAD globally under the scenario combina-
tion RCP4.5-SSP2. For the scenario combination
RCP8.5-SSP5, we find values of 168 US$ billion and 8% of
global EAD. We further estimate that the risk reduction
relative to total exposed GDP is doubled to 0.8% for both
scenario combinations compared to present-day esti-
mates. The results of estimated future reduction in EAD
and EAPE through foreshore vegetation for sub-national
regions for the scenario combinations RCP4.5-SSP2 and
RCP8.5-SSP4 are shown in Figure 3. The largest future

flood risk reduction is found in sub-national regions of
West Bengal (India; from current to US $243 million to
future US $24.9 billion) which is located in the Sun-
darbans, Maharashtra (India; from current US $158 mil-
lion to future US $4.7 billion) which is one of the sub-
national regions in India with the largest share of man-
groves; Guangdong (China; from current US $266 million
to future US $4.2 billion) which has one of the largest
shares of mangroves in all of China (Chen et al., 2017);
Louisiana (USA; from current US $216 million to future
US $1.2 billion) which contains a large share of wetlands
of the United States; and Sarawak (Malaysia; from cur-
rent US $105 million to future US $969 million) for the
scenario combination RCP4.5-SSP2 (see Figure S1 for
results on present-day flood risk reduction provided by
foreshore vegetation for sub-national regions). Globally,
we see a reduction in EAPE of 6%, with the largest share
in the sub-national regions of West Bengal (India; from
current 98,000 to future 310,000 population exposed),
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scenario combinations RCP4.5-SSP2 (a and c) and RCP8.5-SSP5 (b and d). Sub-national regions with no data are indicated with grey colour.

EAD, expected annual damages; EAPE, expected annual population exposed; RCP, representative concentration pathway

Khulna (Bangladesh; from current 21,000 to future
58,000 population) and Camarines Sur (Philippines; from
current 13,000 to future 46,000 population exposed) for
the scenario combination RCP4.5-SSP2. We see that com-
pared to present-day relative risk reduction, future rela-
tive risk reduction will for most sub-national regions be
in the same order of magnitude for most sub-national
regions, with some sub-national regions having a lower
relative reduction.

We find that although relative risk reduction does not
change much, absolute risk reduction through foreshore
vegetation increases for most sub-national regions due to
an increase in future flood hazard and exposure. We
show that flood risk reduction is highest for sub-national
regions in northern America, Brazil, western Europe,
southern Asia, China, southeastern Asia and Australia
due to high exposure to flood risk and/or large areas of
foreshore vegetation. We see that sub-national regions
with a lower share in risk reduction have high absolute
values for flood risk reduction due to a high value of
exposed assets in deltas (e.g., sub-national regions in
China, southern Asia and Louisiana).

3.2 | Benefits and reduction in
adaptation costs of conserving foreshore
vegetation

In this section, the results are shown for the total
discounted benefits of conserving foreshore vegetation
with the adaptation objective ‘Protection constant’. The
total global discounted benefits of conserving foreshore
vegetation up to 2100 are estimated at US $274 billion for
the scenario combination RCP4.5-SSP2, which amounts

to 2.9% of the total benefits for keeping protection stan-
dards the same. The highest values of foreshore vegeta-
tion benefits relative to total benefits are found in sub-
national regions in southern Asia, southeastern Asia,
eastern Asia, South America and Australia (see Figure 4).
The error bars show the sensitivity of the results to the
different sea-level rise probabilistic projections within the
RCP scenario while using the same coastal profile, which
is found to be within a couple of percentage points. For
the scenario combination RCP8.5-SSP5, we find that the
global total discounted benefits are twice the amount of
the value for RCP4.5-SSP2 and estimated at US $533 bil-
lion, which also amounts to approximately 2.9% of total
benefits of adaptation (see Figure S5). We find that, due
to a higher rate of sea-level rise, the total benefits will
increase for most sub-national regions and that the sensi-
tivity of the results to the different sea-level rise probabi-
listic projections within the RCP scenario are smaller.

To keep current protection standards constant with ris-
ing sea-level, adaptation is necessary. We show that through
conserving foreshore vegetation, a reduction in required
dike heights can be achieved. In Figure 5, we show the
reduction of adaptation costs of structural adaptation mea-
sures through conserving foreshore vegetation, as well as
the remaining costs required for structural adaptation mea-
sures (leftover structural adaptation costs). We find that
globally the total adaptation costs of structural measures are
reduced by US $34 billion if foreshore vegetation is con-
served. The highest reductions of adaptation costs through
conserving foreshore vegetation, both in absolute and rela-
tive terms, are found in Australia. We further estimate sav-
ings in adaptation costs through conserving foreshore
vegetation of higher than US $4 billion in northern Amer-
ica, southeastern Asia, southern America and eastern Asia.
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4 | DISCUSSION

‘Protection constant’. We show that foreshore vegetation
contributes a large share of flood risk reduction and that

We present the first global scale assessment of future
flood risk reduction through conserving foreshore vegeta-
tion and the benefits of conserving foreshore vegetation
under future scenarios and adaptation objective

absolute EAD reduction is estimated to increase if fore-
shore vegetation is conserved under future projections of
sea-level rise and socioeconomic change. Our estimates
point out that conserving foreshore vegetation is an
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effective measure to reduce future flood risk. We further
show that the benefits of conserving foreshore vegetation
for flood risk reduction are estimated at approximately
US $274 billion, which can account for up to 20% of the
total benefits in the protection constant adaptation objec-
tive for some sub-national regions. This indicates that
ecosystem-based flood protection and Nature-based Solu-
tions constitute promising alternatives or complementary
measures to other adaptation measures (e.g., structural
measures), which is in line with recent studies on
Nature-based Solutions (Borsje et al., 2011; Duarte
et al., 2013; Shepard et al., 2011; Spalding et al., 2014;
Temmerman et al., 2013; van Zelst et al., 2021; Vuik,
Jonkman, Borsje, & Suzuki, 2016).

Assessing the present-day global coastal flood protec-
tion of foreshore vegetation in economic terms, we esti-
mated avoided damages of US $2.5 Billion per year,
which amounts to 13% of global coastal flood risk in
terms of EAD. Menéndez et al. (2020) assessed the bene-
fits of present-day global coastal flood protection of man-
groves and found that mangroves provide flood
protection benefits exceeding US $65 Billion per year,
which is 9% of their estimated global EAD. We see that
their estimated global EAD is more than 40 times higher
than our estimate, and also higher than values reported
in other studies (Hallegatte et al, 2013; Hinkel
et al., 2014; Tiggeloven et al., 2020). Moreover, it is more
than twice as high as reported values for all natural haz-
ards in the Munich Reinsurance for the period 1980-2017
(L6w, 2018). This may be accounted for as they do not
use present-day protection standards in their analysis. In
relative terms of flood risk reduction relative to GDP, we
find that mangroves reduce 9.8% of global EAD, which is
in the same magnitude as estimates found by Menéndez
et al. (2020). In a study reporting the value of coastal wet-
lands on flood risk reduction, Narayan et al. (2017) esti-
mated flood risk reduction through salt marshes on
average to be 18% and up to 70% in some regions within
the Ocean County in the United States, while we show
for the whole state of New Jersey that flood losses could
be reduced by 35.6%. While local scale studies show
potential benefits of foreshore vegetation on wave load
reduction (Horstman et al., 2014; Vuik et al., 2016), it is
difficult to compare their results to our study on extreme
events as those measurements are often done under daily
conditions.

This study only shows the benefits of conserving fore-
shore vegetation in terms of flood risk reduction, while in
reality foreshore vegetation also provides other nature
contributions to people as co-benefits such as fishery, rec-
reation (Barbier et al., 2011; Cheong et al., 2013), carbon
storage (Mitsch, Bernal, & Hernandez, 2015) and climate
change mitigation (Duarte et al., 2013), for example by
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accumulation of sediments (Kirwan et al., 2010). Next to
this, adaptation using a range of different measures
might be more feasible in the long run (Jongman, 2018;
Sutton-Grier, Wowk, & Bamford, 2015). In this study, we
only assume conserving present-day vegetation and struc-
tural measures as adaptation measures to reduce flood
risk while there are also other adaptation measures. For
instance, such adaptation measures include dry and wet
proofing (Aerts et al., 2014), migration to less flood prone
areas (McLeman & Smit, 2006) or a combination of adap-
tation through pathways (de Ruig et al., 2019).

The values found in this study for the effects of con-
serving foreshore vegetation under future change are esti-
mated by assuming that all foreshore vegetation is
conserved compared to when all foreshore vegetation is
lost due to sea-level rise. In reality, foreshore vegetation
will not be lost completely when no human maintenance
is carried out, but only a part of the vegetation may disap-
pear due to sea-level rise, erosion and conversion to
urban or agricultural land-use (Blankespoor, Dasgupta, &
Laplante, 2014; Schuerch et al.,, 2018; Vousdoukas
et al., 2020). Therefore, the values found in this study
need to be interpreted as the maximum added value of
foreshore vegetation for flood risk reduction and adapta-
tion costs reduction. For instance, if all foreshore vegeta-
tion were lost then flood risk would be estimated to
increase with the values found in this study. Further-
more, we assume the same coastal profile for all scenarios
in this study so the results solely focus on the effects of
foreshore vegetation, while in reality the coastal profile is
governed by hydrodynamics (e.g., wave heights and cur-
rents) and geomorphology (e.g., sediment availability)
(Winterwerp, Erftemeijer, Suryadiputra, Van Eijk, &
Zhang, 2013). Next to this, this study does not take into
account the costs of conserving foreshore vegetation and
future work could include an assessment of feasibility of
conservation costs under climate change.

Several more limitations and uncertainties exist in
this study and are discussed in more detail in Tiggeloven
et al. (2020) and van Zelst et al. (2021) such as wave
dampening effects and required crest heights estimation
methodology. First, several uncertainties exist on the cost
calculation and the flood risk calculation. In this study,
we use linear costs for structural measures, since
according to Lenk et al. (2017), using a linear cost func-
tion for large scale assessments is a reasonable assump-
tion. Although we include construction costs and market
exchange rates, locally the costs might differ due to both
physical and socioeconomic local conditions. Secondly,
we estimate flood hazard (inundation) using a GIS-based
approach rather than a fully dynamic inundation model
(Vousdoukas, Bouziotas, et al.,, 2018a; Vousdoukas,
Mentaschi, et al., 2018b), but we do account for water-
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level attenuation similar to Vafeidis et al. (2019). More-
over, we estimate flood risk using a number of assump-
tions on the share of building occupancy and present-day
protection standards using the FLOPROS modelling
approach (Scussolini et al., 2016). Next to this, because
this study uses extreme storm surges, the effects of wave
load reduction for extreme events are uncertain and less
known as most case studies focus on daily conditions
(Horstman et al., 2014; Vuik et al., 2016; Vuik, van
Vuren, Borsje, van Wesenbeeck, & Jonkman, 2018).

The results of this study can be used to highlight flood
risk reduction through foreshore vegetation at the sub-
national scale and the importance of conserving fore-
shore vegetation under future change. However, we stress
that this study aims to give a first proxy of the benefits of
conserving foreshore vegetation through flood risk reduc-
tion. Local assessments should be used for the design and
implementation of individual adaptation measures. At
the sub-national and global scale, this study provides
insights in Nature-based Solutions by showing the poten-
tial of flood risk reduction through foreshore vegetation.
Even though the results can only be seen as indicative,
we believe that it is valuable to gain insight into the
effects of conserving foreshore vegetation on the global
scale, and to support the need to include this more in
both global assessments and detailed assessments at the
regional scale. Going further, this study can be improved
by including other Nature-based Solutions strategies,
such as restoring wetlands or mangroves, and including
an uncertainty analysis of future responses of global
coastal wetlands to sea-level rise. Furthermore, an
improvement can be made by including a global scale
study on the benefits and costs of nature-based, hybrid
and structural adaptation measures.

5 | CONCLUSION

We present the first global scale assessment of reducing
future flood risk through conserving foreshore vegeta-
tion. We find that globally the reduction in flood risk
through conserving foreshore vegetation is estimated to
increase in the range of 28 up to 67-fold compared to
present-day conditions, which amounts to US $71 billion
for RCP4.5-SSP2 and US $168 billion for RCP8.5-SSP5 in
terms of EAD in 2080. We further find that the relative
reduction in flood risk through foreshore vegetation is
estimated at 8.5% globally, compared to 13% under cur-
rent conditions. For individual sub-national regions, risk
reduction can reach up to 50% of the total estimated
future flood risk. Assessing the benefits of hybrid adapta-
tion measures in the adaptation objective to keep protec-
tion standards constant with hybrid adaptation measures,
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we find that the benefits of conserving foreshore vegeta-
tion can reach up to US $1 billion for sub-national
regions in southeastern Asia, south Asia, China,
Australia and Brazil. Globally, the total benefits of con-
serving vegetation in the adaptation objective are esti-
mated at US $274 billion. We further show that the
relative benefits of conserving foreshore vegetation are
estimated at 2.9% of the total benefits of flood protection
for keeping protection standard constant under the
RCP4.5/SSP2 scenario combination and reach more than
20% for some sub-national regions. Therefore, the results
of this study show that Nature-based Solutions can be
effective adaptation measures. Although this study only
provides a first proxy of the flood risk reduction benefits
of conserving foreshore vegetation at the global scale, it
shows promising results for including nature-based and
hybrid adaptation measures in coastal adaptation
schemes.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.
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